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Abstract. Research results about planetary-scale auroral distributions are presented in a historical retrospective,
beginning with the ﬁrst “maps of isochasms” – lines of equal visibility of auroras in the ﬁrmament (Fig. 2) – up
to “isoaurora maps” – lines of equal occurrence frequency of auroras in the zenith (Fig. 4). The exploration of
auroras in Russia from Lomonosov in the 18th century (Fig. 1) until the start of the International Geophysical
Year (IGY) in 1957 is shortly summed up. A generalised pattern of discrete auroral forms along the auroral
oval during geomagnetically very quiet intervals is presented in Fig. 5. The changes of discrete auroral forms
versus local time exhibit a ﬁxed pattern with respect to the sun. The auroral forms comprise rays near noon,
homogeneous arcs during the evening, and rayed arcs and bands during the night and in the morning. This
ﬁxed auroral pattern is unsettled during disturbances, which occur sometimes even during very quiet intervals.
The azimuths of extended auroral forms vary with local time. Such variations in the orientation of extended
forms above stations in the auroral zone have been used by various investigators to determine the position of
the auroral oval (Fig. 9). Auroral luminosity of the daytime and nighttime sectors differ owing to different
luminosity forms, directions of motion of the discrete forms, the height of the luminescent layers, and the spectral
composition (predominant red emissions during daytime and green emissions during the night). Schemes that
summarise principal peculiarities of daytime luminosity, its structure in MLT (magnetic local time) and MLat
(magnetic latitude) coordinates, and the spectral composition of the luminosity are presented in Figs. 15 and
19. We discuss in detail the daytime sector dynamics of individual discrete forms for both quiet conditions
and auroral substorms. The most important auroral changes during substorms occur in the nighttime sector.
We present the evolution of conceptions about the succession of discrete auroral forms and their dynamics
during disturbance intervals. This ranges from Birkeland’s polar elementary storms, over the prospect of a ﬁxed
auroral pattern up to the auroral substorm model. The classic schemes of the spatial distribution and motion
of discrete auroral forms during single substorms are shown in Fig. 20 (expansive and recovery phases) and
Fig. 21 (creation, expansive and recovery phases). In this review we discuss various models of bulge formation,
in particular as a result of new formation of arcs about 50–100km poleward of previously existing auroral
structures (Fig. 24). Discrete steps in the development of an expanding bulge are separated by 1–3min from
each other. The model of successive activations conﬁnes only to a ∼40◦ longitudinal portion of the magnetotail
(Fig.28).Weconsiderdifferencesinthedevelopmentofsinglesubstormsandsubstormsduringmagneticstorms.
The structure and dynamics of auroras during steady magnetospheric convection (SMC) periods are dealt with
in Sect. 8. A generalised scheme of the auroral distribution during SMC periods is shown in Fig. 34. Separate
sections describe discrete auroras in the polar cap (Sect. 5), and the diffuse luminosity equatorward of the auroral
oval (Sect. 9). Visual observations of diffuse auroral forms at midlatitudes suggest that the whole latitudinal
interval between the auroral oval and the stable auroral red (SAR) arc is ﬁlled up with diffuse luminosity. SAR
arcs with intensities of several tens of Rayleigh enclose systematically the region of diffuse luminosity; they are
positioned at the border of the plasmasphere.
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1 Introduction
The aurorae, which appear as a conspicuous play of colours,
a wide changeability of forms and fast variations of lumi-
nosity, have always attracted the fascination and amazement
of people that entered the Arctic or Antarctic circle of lati-
tudes for the ﬁrst time. Bright forms of aurorae appear dur-
ing nighttime hours most likely at geomagnetic latitudes of
∼67–75◦. During geomagnetic storms the region of its ap-
pearance broadens, comprising midlatitudes as far as the
Mediterranean area. Written records verify that mankind en-
countered this phenomenon already in ancient times. Auro-
rae borealis are mentioned in the Bible (Genesis) and in the
oeuvres of ancient philosophers and historians such as the
Greeks Aristotle and Plutarch as well as the Romans Pliny
the Elder and Seneca.
Theluminescenceintheupperatmosphere,emergingfrom
the precipitation of corpuscular ﬂuxes, can appear as a struc-
tureless diffuse luminosity or as clear cut structures. The
diffuse luminosity is observed from the geomagnetic pole
to midlatitudes and is generated by different corpuscular
sources: (1) the homogeneous luminescence in the polar cap
is due to the precipitation of solar protons with energies of
several hundreds of megaelectronvolts or electron ﬂuxes with
energies less than 1keV (polar rain) from parts of the mag-
netospheric tail (tail lobe) and/or the solar wind; (2) diffuse
luminosity due to the precipitation of protons or electrons
with auroral energy (between a few dozen electronvolts and
several kiloelectronvolts) at auroral latitudes; and (3) diffuse
luminosity due to soft electron precipitations at midlatitudes,
including an intensiﬁcation of red emissions near the plasma-
pause.
The optical features resulting from the interaction of mag-
netospheric plasma with the neutral gases in the upper atmo-
sphere represent the most spectacular manifestation of phys-
ical processes in Earth’s environment. Their study plays an
important role for the description and interpretation of the
complexities inherent in the coupled physical processes of
the near-Earth space. The brightest discrete forms of auro-
ras are generated at auroral latitudes owing to precipitating
electrons with energies of several kiloelectronvolts during
nighttime hours and with energies of several hundred electro-
volts during daytime hours. Discrete auroral forms can also
be generated within the polar cap, but their morphology es-
sentially differs from that at auroral latitudes.
Auroral luminosity that is observed along the auroral oval
during nighttime hours is usually of green colour. As stated
for the ﬁrst time by Ångström (1869), this emission of the
atomic oxygen with a wavelength of 557.7nm is due to the
forbidden transition of electrons from the 1S state (4.17eV)
with a lifetime of 0.9s to the 1D state (1.96eV). This wave-
length is close to the most sensitive range of the human eye,
which is the reason for dominance of green light in the visual
impression. A red light emission dominates during daytime
hours along the auroral oval, which is due to the doublet of
atomic oxygen with 630.0 and 636.4nm, where the exited
state relaxes to the ground state with a lifetime of 110s. The
difference in the colours of daytime and nighttime luminos-
ity along the auroral oval is correlated with different altitudes
of the emissions. The red emission is more intense than the
green one at altitudes above ∼200km, while the green emis-
sion prevails at ∼110km. The height difference is caused by
harder spectra of precipitating electrons on the nightside as
well as by a stronger collision deactivation of the red emis-
sion at lower altitudes prior to its radiation.
The ﬂuxes of energetic electrons are guided by the geo-
magnetic ﬁeld lines in their downward motion into the atmo-
sphere. They suffer elastic and inelastic collisions, transfer
their energy to the neutral particles during processes of dis-
sociation, ionisation, and excitation with subsequent emis-
sions and give likewise rise to atmospheric heating. The pen-
etration height of the electron ﬂuxes is determined by their
energy and pitch-angle distribution. According to model cal-
culations, electrons that have an initial pitch angle of 0◦ (ini-
tial movement straight along the ﬁeld line) and an energy
of ∼100eV penetrate down to altitudes of ∼300km, and
those with 5keV down to∼110km (Judge, 1972). The lower
boundary of penetration rises with increasing pitch angles.
The altitude proﬁle of the ionisation production rate is
characterised by a distinct maximum slightly above the
lower boundary of electron ﬂux penetration (Strickland et al.,
1983). The modelling of altitude proﬁles of volume emission
rate ratios of 6300Å/5577Å by Rees and Luckey (1974)
demonstrated the possibility to use it for the experimental de-
terminationoftheemissionheight.Itturnedoutthatthisratio
increases systematically from ∼0.1 for a height of 140km,
to ∼0.5 at 200km, ∼2.0 at 260km, up to ∼5.0 at 300km.
The intensity of auroral luminosity is determined by
the energy ﬂux of the primary corpuscular ﬂux: the green
emission in ergcm−2 s−1 intensity of ∼1–30kR is due to
ﬂuxes of 1–30ergcm−2 s−1. The red emission in the day-
time sector is several times weaker and induced by ﬂuxes of
∼1ergcm−2 s−1.
A classiﬁcation of auroras, i.e. the luminosity within the
upper atmosphere that is controlled by the geomagnetic ﬁeld,
has been presented in the International Auroral Atlas (1963)
and in the paper of Isaev (1964). Examples of various auroral
forms are shown in the colour Plates I–VII with photographs
takennearMurmanskattheKolaPeninsuladuringnighttime.
Ribbons, rays, and diffuse luminosities are three types of
auroras which are chosen in the scientiﬁc literature. Arcs and
bands are counted among ribbon-like forms. Arcs are char-
acterised by a sharply deﬁned lower border. Multiple arcs
with intervals of 30–40km are met very often. If and when
the lower border of an aurora appears erratically or contains
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Plates I–VII. Photos of various auroral types, taken at the Kola Peninsula by S. A. Chernouss and V. Yu. Zhiganov (Apatity, Russia). From
top to bottom: (I) Homogeneous auroral arc, (II) rayed arc, (III) long auroral rays, (IV) corona – emissions along the magnetic ﬁeld lines,
(V) drapery – ribbon-like auroral forms, (VI) simultaneous green and red auroral emissions at different heights, and (VII) sunlit aurora.
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bulges or surges, this auroral form is called a band. Bands are
usually more active than arcs.
Ribbon-like aurorae spread along the auroral oval over
several thousand kilometres and in the perpendicular direc-
tion up to several hundred kilometres. Arcs, for instance,
can spread over distances of 5000–6000km and more. The
ribbon itself has a typical thickness of several hundred me-
tres, so that one can conclude that luminosity of this kind
must be excited by quite narrow electron beams. The ribbon-
like forms often look like densely folded curtains, covering
closely to one another and stretching over the whole ﬁrma-
ment.
When the ribbon becomes somehow more active and mov-
ing it forms tiny surges of a few kilometres in thickness. Such
a form of luminosity seems to consist of individual stretched
rays or light beams; in this case it is called “rayed arc”. If
and when ﬁne-structured surges or beams lay on top of larger
foldings, such forms are called a “rayed band”. A salmon-
orange coloured brink or fringe emerges at the lower part of
the rayed band surges with increasing activity.
The diffuse auroral forms can have the appearance of
blurred spots that remind of illuminated clouds or a hazy
view. Such haze represents an extended homogeneous glow,
whichoftencoversmostpartofthesky.Spotsusuallyformin
the auroral zone during the recovery phase of a disturbance.
Rays are narrow beams of light, which are spatially ad-
justed along Earth’s magnetic ﬁeld lines. Bundles of rays
can be observed, which are either close to each other or dis-
persed. Rays are often observed together with other forms
of auroral luminosity. The most impressive auroral form, the
“corona”, emerges in case of overhead appearance of the rays
in the magnetic zenith.
This review is devoted to several aspects of investigating
the morphology of auroral luminosity in a historical retro-
spective. Its scope also aims at an extensive explanation of
results that are covered in scientiﬁc publications in the Rus-
sian language. Such information will be of interest and useful
for many of those scientists who have problems either due to
the language barrier or because of undue hardship to obtain
such information, which are buried in institute collections or
in particular topical proceedings.
2 A look at the Russian history
The ﬁrst written records in Old Russia (Muscovy) about au-
roras go back to the 10th century. These phenomena were de-
scribed as events that must be followed by disasters and ad-
verse weather. But already in chronicles of the 16th century,
the auroras are more correctly described as a certain natu-
ral phenomena. In one of the ancient Russian manuscripts
(from 1586 to 1600), the auroras (northern lights) are ex-
plained as reﬂections of the solar light from the wavy surface
ofthenorthernseas.Later,inthemid-17thcentury,Descartes
formulated a similar assumption. The evolution of opinions
about the aurora borealis in the Russian literature and sci-
ence from the 10th to the 18th century was summarised in
the work of Swjatskij (1934).
The term “aurora borealis” was introduced in the Rus-
sian literature by the outstanding Russian scientist Mikhail
Vasilyevich Lomonosov (1711–1765) in the 1740s. The year
2011 was declared by the UNESCO as the International Year
of Lomonosov in honour of his 300th anniversary. When it
became clear that the auroras are also observed in the South-
ern Hemisphere, the term “polar aurorae” got used. Hypothe-
ses about the origin of polar lights were manifold. But almost
all of them that refer to previous centuries are nowadays only
of historical interest because of their ingenuousness. M. V.
Lomonosov annotated his view about such hypotheses in his
poetic ode The evening reﬂection about God’s majesty dur-
ing the case of great polar lights, written in 1743.
Figure 1 shows a few drawings of different auroras, car-
ried out by M. V. Lomonosov after observations in north-
ern Russia. Forty seven of such drawings are kept in the
M. V. Lomonosov Museum in St Petersburg.
Lomonosov (1753) and afterwards Franklin (1779) were
apparently the ﬁrst scientists who expressed the view about
an electrical origin of polar lights. Lomonosov assumed that
the polar auroras are in their nature essentially equal to light-
ning, which is observed during electrical discharges. He for-
mulated this idea ﬁrst in his discourse at the session of the
Academy of Sciences in 1753 on Consideration about aerial
phenomena, caused by electrical forces (Oratio de meteoris
vi electrica ortis). He wrote in his treatise on physics (1753–
1756): “Adeo igitur probabile est, aurorae borealis lumen
producta in aëre vi electrica oriri. Conﬁrmatur hoc similitu-
dine generationis et interitus, motus, coloris, et ﬁgurae, quae
in aurora boreali et in lumine electrico tertii generis con-
spiciuntur.” (Thus it is very likely that the aurorae borealis
are generated by electric forces occurring in the air. This is
conﬁrmed by the similarity in appearance and disappearance,
movements, colours and forms, which in aurora borealis and
in the electric light of third nature is observed.) (Lomonosov,
1952).
An important question relating to the reasons for aurora
generation is the determination of its height. In difference
to most of the other scientists, M. V. Lomonosov supposed
that the auroras occur at high altitudes above the atmosphere.
He performed a calculation of the upper edge of the lu-
minescence and obtained 420 verstas (∼440km). Several
centuries later, Størmer (1955) estimated this height sufﬁ-
ciently precisely by means of photographic auroral obser-
vations from two points. He showed that the height of the
luminescence is located in the range of 100–400km. The es-
timations of M. V. Lomonosov appeared to be close to this
result. More detailed studies on the height distribution of
daytime and nighttime auroras were performed during the
International Geophysical Year (IGY, 1957–1958) by means
of photographic all-sky cameras (Starkov, 1968; Khorosheva
and Emelyanenko, 1970).
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Figure 1. Drawings of various auroral types by Mikhail Vasilyevich Lomonosov.
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Figure 2. The distribution of isochasms in the Northern Hemisphere according to Fritz (1881).
M. V. Lomonosov carried out a large number of experi-
ments to study the luminescence of discharging gases, when
they are subdue to an electrical current ﬂow. Lomonosov’s
construct of ideas in his investigations of northern lights were
described in the paper of Chernouss (2012). His idea about a
connection between the colour of the luminescence and cer-
tain speciﬁc materials turned out to be of practical interest.
This speculation of the scientist was later conﬁrmed by direct
measurements, which were performed by the well-known
Swedish physicist Anders Jonas Ångström with his visual
spectroscope (Ångström, 1869). Some years later, in 1899,
an astronomer from the Pulkovo Observatory near St Peters-
burg, Julius Sykora, was the ﬁrst who took photos of auro-
ras at the Spitzbergen Archipelago (Svalbard), and obtained
also for the ﬁrst time their spectra that characterise the lumi-
nescence of different atoms and molecules (Sykora, 1901).
These auroral spectra, which were recorded by J. Sykora,
allowed determining not only four basic auroral emissions
(391.4, 427.8, 470.9, and 557.7nm), but also nine weaker
emissions within the blue and violet parts of the spectra.
Historic information about several researchers and their
observations of auroras over the Russian territory after
M. V. Lomonosov are contained in the very well illustrated
monograph of Eather (1980). The fourth chapter, entitled
“Northern lights”, describes observational results of Russian
polar researchers of the 19th century. Baron Ferdinand von
Wrangel (in Russian: Ferdinand Petrovich Vrangel), a well-
known explorer and seaman, member of the Saint Peters-
burg Academy of Sciences, who is the eponymous person
for the Wrangel Island, which is close to the Chukchi Penin-
sula, was the ﬁrst to discover that the aurora borealis is pre-
dominantly situated along the shoreline of the Arctic Sea
(Wrangel, 1840). A possible inﬂuence of the coastline on the
frequency of auroras and on their orientation was also wit-
nessed with the observations of captain Baron Eduard Vasi-
lyevich Toll during his expedition on the Zarya vessel in
1900–1902.
The famous polar researcher Adolf Erik Nordenskiöld ob-
served the auroras in 1878–1879 during the drift of the Vega
vessel and corrected the Fritz auroral zone near the northern
coastline of the Chukchi Peninsula (Nordenskiöld, 1881).
The traditions of auroral research continued also in the So-
viet Union. In 1938, a special camera for low-temperature
conditions was built in the Arctic Institute (St Petersburg)
for the auroral photography. The recordings of aurora bore-
alis events were made at the archipelago Franz Josef Land
(station Tikhaya Bay, 80 ∼74.4◦, Nikolsky, 1939). Lead-
ing researchers in the public perception of this natural phe-
nomenon during the years prior to and just after World War
II were S. I. Isaev, V. I. Krasovsky, A. I. Lebedinsky, and
N. V. Pushkov.
Sergei Ivanovich Isaev (1906–1986), as an active partic-
ipant of the second International Polar Year (IPY, 1932–
1933), performed observations of aurorae borealis and mag-
netic ﬁeld variations at the Novaya Zemlya Island. Later he
generalised the data obtained at Soviet polar observatories
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Figure 3. Drawings of isochasms in the Northern Hemisphere according to Vestine (1944).
and concurrently during the drifts of the Sedov and Malygin
vessels in the northern Arctic Sea (Isaev, 1939a, b, 1940).
Isaev supposed that one has to distinguish between three au-
roral regions: the main zone of auroral luminosity (a ring of
usually 23◦ radius), an outer and an inner zone. Each of these
zones has its distinctive characteristic. The main zone lumi-
nosity appears every day and has a weak dependence on solar
activity. In the outer zone the frequency of auroral appear-
ance strongly depends on solar activity, while in the inner
zone auroras appear relatively seldom, independently of the
solar activity. Isaev also established a generalised scheme for
the diurnal periodicity of auroral appearance within the dif-
ferent zones.
Based on visual observations of about 450 stations during
the years 1932–1948, Isaev (1962) analysed the geographic
distribution of auroras in dependence on geomagnetic ac-
tivity. He found that a region of enhanced auroral luminos-
ity clearly appears during magnetic storms in the midlati-
tude range of 8 =52–58◦, which coincides with the region
whereon the outer radiation belt should map along geomag-
netic ﬁeld lines.
ValerianIvanovichKrasovsky(1907–1993)happilyjoined
in his own person both an ingenious design engineer of new
instruments and a prudent scientist who theoretically com-
prehended the obtained results. He constructed an infrared
camera, which was applied both in astronomical and geo-
physical research. In 1948 he captured a map of the galac-
tic centre and its spiral structure by recording the ﬁrst in-
frared all-sky image. The photochemical theory of hydroxyl
emission, developed by him, established a new branch of
geophysical research. He contributed to a series of newly
developed diffraction spectrometers, which are useful for
recording weak emissions. By means of them, new ﬁndings
about the luminosity in the upper atmosphere were obtained,
and it allowed to study in more detail the auroral lumines-
cence over a network of stations during the IGY and later
on, e.g. during the International Geophysical Cooperation
(IGC) in 1959, an extension of the IGY. He compiled an
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Figure 4. System of “isoaurora” lines for both the Northern (top
panels) and Southern Hemispheres (bottom panels). The left-hand
side panels show their distribution during nighttime hours, the right-
hand side panels correspondingly those for daytime hours (Feld-
stein, 1963a).
atlas of the atmospheric luminescence spectrum in the range
of 3000–12400Å for the nighttime sky (Krasovsky et al.,
1962).
The development of Soviet auroral research is closely con-
nected with the name of Alexander Ignatjevich Lebedinsky
(1913–1967). Originally an astronomer, he started to work as
auroral researcher in 1948. In the years 1948–1950 he per-
formed observations of aurorae borealis at the Kola Penin-
sula. During this period he newly developed, built, and ap-
plied a speciﬁc equipment for the automatic 1min optical
recording of the whole sky and the simultaneous spectral
analysis of auroras. Equipment of this kind (the cameras C-
180 and C-180 S) were widely used in dozens of stations
both in the Arctic and Antarctic according to the programs
IGY, IGC, and IQSY (International Quiet Sun Year). The
subsequent analysis of all the observational materials from
the global-scale network fundamentally changed the tradi-
tional view of the space–time distribution of auroras.
Nikolay Vassilievich Pushkov (1903–1981) stimulated,
with his organisational talent and vigorous working enthu-
siasm, the transition of the geophysical science in the So-
viet Union to a global-scale prospect. He participated very
actively in organising the system of World Data Centres,
whereof one was installed in Moscow, and he was the ﬁrst
representative of the Interdivisional Commission on History
within the International Association of Geomagnetism and
Figure 5. Generalised scheme of discrete auroral forms during
quiet intervals according to Feldstein (1966). The labelling is as
follows: HA – homogeneous arc, RA – rayed arc, RB – rayed band,
and R – rays.
Aeronomy (IAGA). N. V. Pushkov played a key role for the
Soviet Union’s participation and organisation of the interna-
tional program for auroral observations during the IGY and
he organised the visual observations in the territory of the
Soviet Union and adjacent states. The publication with in-
structions for visual auroral observations found a broad audi-
ence in the beginning of the IGY (Pushkov, 1957). At the 5th
IGY Assembly in August 1958, in Moscow, the resolution
about the creation of a planetary network for optical obser-
vation of auroras was adopted; the so-called visoplot tables,
which characterise the latitude, longitude, and UT moments
of prevailing auroral luminosities. A complete compilation
of planetary visoplots was published in Annals of the IGY
(1964).
3 Planetary distribution of discrete auroral forms
A ﬁrst reliable scientiﬁc knowledge about the planetary-scale
distribution of auroras was obtained during the second half
of the 19th century. Loomis (1860) concluded, from historic
records of polar lights and from observations of them in New
England, that most days of auroral luminosity were reported
within an annular belt of 10◦ width, encircling both the ge-
omagnetic and the geographic poles. Fritz (1881) collected
worldwide in archives a broad knowledge about the appear-
ance of auroras, which served as the basis of his “isochasm”
maps, i.e. lines of equal frequency of auroral visibility, as
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shown in Fig. 2. It was disclosed that the quantity of nights
with auroras increases when moving from middle toward
higher latitudes. The maximum frequency of auroral appear-
ance forms a ring of ∼23◦ radius on average. The luminosity
in this zone (the Fritz auroral zone) is also most intense. The
dashed line in Fig. 2 signiﬁes the latitude where the auro-
ras appear equally often within the northern and the south-
ern segments of the sky. The isochasms are almost perfect
circles with a common centre. Particularly amazing proved
to be the fact that the centre of the isochasms was neither
situated at the geographic nor at the magnetic pole, but at
the geomagnetic pole. The difference between the magnetic
and the geomagnetic poles is caused by the existence of local
magnetic anomalies within Earth, the ﬁelds of which decay
rapidly with height above the surface.
These acquired facts about the existence of auroral zones
established for a long time a paradigm of geophysical sci-
ence. No theory about the generation process of auroras
could credibly be designed without explaining the existence
of auroral zones. The famous “terrella” experiments of Kris-
tian Birkeland (1867–1917) with a magnetised sphere, irra-
diated with an electron beam, were initiated by these results.
Based on the materials from the ﬁrst International Polar
Year (IPY, 1882–1883), Vegard (1912) described the ten-
dency of intense discrete auroral forms to appear most of-
ten ∼1h prior to local magnetic midnight. An analysis of
the results from the ﬁrst IPY and of observations in Green-
land from 1948 to 1950 was summarised by Lassen (1963) in
the following way. There are always two maxima in the diur-
nal variation of the appearance frequency for discrete auroral
forms at high latitudes. At geomagnetic latitudes 8 ≤68◦,
the main maximum occurs in the hours around midnight, and
a less pronounced maximum in the early morning hours. In
the magnetic latitude interval 69◦ ≤ 8 ≤77◦ two maxima of
equal intensity exist in the morning and evening hours. At
8 ≥78◦, the morning maximum dominates close to midday.
Visual auroral observations from the Godthåb
(80 ∼73.3◦) station in Greenland attracted the particu-
lar interest of researchers (Tromholt, 1882). The diurnal
variation of the appearance frequency was characterised
there by two maxima: in the late evening and in the
morning hours, with a minimum shortly after midnight.
Hulburt (1931) concluded after a careful analysis of a large
amount of observations, however, that a secondary morning
maximum is likewise as probable as its absence.
Full-time visual auroral observations are not possible in
Greenland, even during wintertime due to solar illumination
within the interval ∼07:00–17:00LT (local time). This com-
plicates the precise estimation of the morning maximum.
Earlier observations of Carlheim-Gyllenskiöld (1887) from
the station Cape Thordsen (Spitzbergen, 80 ∼74.3◦), where
full-time observations are practically possible, supported the
existence of two maxima – one during the morning, and
one during the pre-midnight MLT hours. The morning maxi-
mum during the period 05:00–07:00MLT was interpreted by
Nikolsky (1960) as evidence for the existence of a second
frequency maximum of auroras in the polar cap.
More than 60years after Hermann Fritz’ (1810–1882) re-
search had to elapse until new generalised insights were
obtained about the distribution of auroras in the Northern
Hemisphere (Vestine, 1944). Figure 3 shows the “isochasms”
of the Northern Hemisphere according to Vestine. Data
about the appearance frequency of auroras from 103 ob-
servational points were used, including the records of the
Vega (1878–1879), the Fram (1899–1902), and the Maud
(1922–1925) vessels during their drifts in the Arctic Sea.
Quite heterogeneous data were standardised beforehand
by introducing a correction term, which took account of the
cloudiness and the length of daily illumination for each sta-
tion to estimate the auroral appearance frequency. The area
of observational coverage was extended to include the whole
polar region, so that the isochasm map could be augmented.
Even though the auroras at high latitudes could be recorded
practically each night, their appearance frequency dropped to
20% near the geomagnetic pole.
Auroral data from the Southern Hemisphere, which could
be used for the creation of a corresponding isochasm map,
were relatively seldom. White and Geddes (1939) were able
to determinethe positionof the maximum isochasms only for
the longitude interval 80–280◦ E by collecting observations
from expeditions at the Antarctic continent. Vestine and Sny-
der (1945) also published a map of isochasms for the South-
ern Hemisphere. The position of maximum isochasms was
obtained by taking into account the variations of the geomag-
netic ﬁeld components.
Just prior to the IGY (1957–1958), the geographic dis-
tribution of auroras was investigated over a relatively broad
area with visual observations at ﬁve points in Alaska (Elvey
et al., 1955) and at 50 meteorological stations that were dis-
tributed over a range of 67.3–87.5◦ of geographic latitude
and 50–110◦ E geographic longitude (Feldstein, 1958). It
was shown that the auroras appear practically daily within
this latitudinal zone, both during magnetically quiet and dis-
turbed conditions.
During the IGY, observations of the auroras and their
analysis was realised according to an ambitious program.
Before the IGY program started, Chapman (1957) formu-
lated the need to construct maps of “isoauroras” instead of
“isochasms”, which would characterise the appearance fre-
quency of auroras in the zenith of any observational point.
The observations at the beginning of the IGY showed the
need for a more precise description of the planetary auro-
ral distribution (Nikolsky, 1960). The possibility of splitting
the zone of maximum intensity of magnetic variations into
an evening and a morning branch was discussed both by
Chapman (1935) and Harang (1946). The position of these
branches varies with the magnetic disturbance level. Based
on the close connection of magnetic variations with the au-
roras, Harang (1946) proposed the existence of an analogue
to the discontinuity zone in the auroral luminosity. Alfvén
www.hist-geo-space-sci.net/5/81/2014/ Hist. Geo Space Sci., 5, 81–134, 201490 Y. I. Feldstein et al.: Auroral luminosity and discrete forms
(1955) and Nikolsky (1956) predicted that there should ex-
ist a second zone of enhanced intensity and appearance fre-
quency both of auroras and magnetic variations in the near-
polar region. All these predictions and assumptions had to be
veriﬁed, based on new and more ample observational mate-
rial of auroras from the IGY.
During the IGY, the main equipment for auroral obser-
vations at high latitudes consisted of a network of all-sky
cameras (ASCs), which continuously took images of the
whole ﬁrmament. After completion of the IGY, so-called“as-
caplots” (all-sky camera plots) were assembled, based on all
the all-sky ﬁlms (Annals of the IGY, 1962). Ascaplots show
for each half-hour interval the spatial distribution of the auro-
ras, and its intensity in the zenith, but also the meteorologic
conditions and the sun’s illumination interval, which might
be adverse for the observations. Feldstein (1960) analysed
the results obtained from the ascaplots, comprising 42 North-
ern and 22 Southern Hemisphere stations. Figure 4 presents
according to Feldstein (1963a) the system of isoaurora lines
for the Northern Hemisphere (top panels) during nighttime
(a) and daytime hours (b) and correspondingly for the South-
ern Hemisphere (bottom panels, c, d). Maximum isoauro-
ras are indicated by thick lines. It is obvious that the max-
imum isoauroras are at different latitudes for the daytime
and nighttime hours, conﬁrming the conception of two in-
dependent auroral zones – the basic zone of Fritz–Vestine
and the additional zone of Alfvén–Nikolsky. But in reality
such a distribution of maximum isoauroras for the daytime
and the nighttime hours at Earth’s surface results from the
existence of discrete auroral forms along the auroral oval.
The oval is (asymmetrically) situated off-centred to the ge-
omagnetic pole – at ∼78◦ around the noontime hours and
at ∼67◦ near midnight. During the rotation of Earth below
the oval, which is ﬁxed with respect to the sun, its daytime
sector “draws” the Alfvén–Nikolsky zone at Earth’s surface,
and the nighttime sector the Fritz–Vestine zone.
The asymmetric distribution of maximum isoauroras with
respect to the geomagnetic poles results from the the-
ory of magnetic storms and auroras that dates back to
Hannes Alfvén (1908–1995) in the middle of the last cen-
tury (Alfvén, 1950). These geophysical phenomena origi-
nate, according to his theory, from the interaction of the solar
corpuscular ﬂux with the near-Earth environment. The ﬂux
conserves during its earthward movement the solar magnetic
ﬁeld and an electric ﬁeld is additionally generated due to po-
larisation processes of the plasma within the ﬂux. As a re-
sult a forbidden region with the ring current is formed at a
geocentric distance of ∼7 RE in the equatorial plane of the
geomagnetic ﬁeld. The auroral curve that represents the in-
stantaneous position of the aurora is the projection of the for-
bidden region’s boundary along the geomagnetic ﬁeld lines
intotheupperatmosphereatageomagneticlatitudeof∼67◦.
The inertia of the beam was taken into account in subsequent
studies by Alfvén (1955, 1958). This resulted in the assump-
tion of a second ring current at ∼30 RE. Its ﬂux can be pro-
jected along the magnetic ﬁeld lines to geomagnetic latitudes
of 80–85◦ and is associated with the inner (second) auroral
zone and magnetic disturbances. The position of the second
zone, its geomagnetic latitude, is controlled by the intensity
of the solar magnetic ﬁeld. Existing differences between the
quantiﬁed results of Alfvén’s theory and auroral observations
were discussed by Feldstein (1986).
Hultqvist (1958, 1959) showed that the maximum isoau-
roras are adjusted along the corrected geomagnetic parallels,
which take into account the difference between the real geo-
magnetic ﬁeld and the dipole ﬁeld. Precisely this causes the
differences between the maximum isoauroras from the geo-
magnetic parallels and the different forms of the isoauroras
in the Northern and Southern Hemispheres.
4 Discrete auroras during magnetic quietness and
the arc orientations
Photographic records of auroral luminosity by means of
ASCs during the IGY allowed assembling spatial distribu-
tion patterns of discrete auroral forms for deﬁnite UT mo-
ments at different levels of geomagnetic activity. Such pos-
sibilities were envisioned at the beginning of the last century
by the pioneers of auroral research Kristian Birkeland and
Carl Størmer. The construction of planetary auroral maps im-
plies simultaneous observations of a large number of ASCs
with intersecting ranges of vision, which was hence possi-
ble in the World Data Centers (WDCs): the WDC-A in the
USA. (Akasofu, 1963) and the WDC-B in the Soviet Union
(Khorosheva, 1961; Feldstein and Starkov, 1967a; Starkov
and Feldstein, 1970). The auroral luminosity of the upper at-
mosphere proved to be a permanent phenomenon. It can be
observed in the auroral oval at any level of geomagnetic ac-
tivity.
Aurorae exist along a conﬁned oval both at the dayside and
nightside of Earth, even during very geomagnetically quiet
days with 6Kp ≤ 80 (Feldstein et al., 1966). The auroras
are situated at 80 ∼78–80◦ CGL during daytime hours, and
80 ∼70◦ CGL at night. A generalised pattern of discrete au-
roral forms in the Northern Hemisphere during such periods
is presented in Fig. 5 (Feldstein et al., 1966; Feldstein, 1966).
The oval is ﬁxed with respect to the sun. Various forms of
auroral luminosity are distributed along the oval in depen-
dence of local time with a preponderance of rayed forms
during daytime hours. More than one auroral form can be
seen at the ﬁrmament during nighttime hours. The change
of forms above stations at latitudes within the oval occurs
mainly due to the motion of the observer with Earth’s rota-
tion under a ﬁxed auroral pattern. Weak auroral substorms,
however, can be generated during quiet-time periods (Aka-
sofu et al., 1971). The local time sequence of auroral form
alterations also changes during such events.
At the polar cap within the auroral oval, sun-aligned and
rapidly varying auroras of low intensity appear and disappear
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even during geomagnetically quiet days. Their morphology
strictly differs from the auroras in the auroral oval. This kind
of aurora, drawn in Fig. 5 as waved lines, is aligned along the
noon–midnight meridian and will be discussed in more detail
in Sect. 5.
Feldstein et al. (1966) determined from the ascaplots the
appearance frequency of auroras in the zenith both around
noontime and close to midnight hours. For geomagnetically
quiet conditions with Kp ≤ 1+, the maximum in the latitudi-
nal proﬁle of the auroral appearance frequency is located at
80 ∼70◦ during nighttime hours and 80 ∼79◦ during day-
time. These latitudes of maximum appearance frequency for
geomagnetically quiet conditions were observed both during
the IGY (maximum of solar activity cycle) and during the
IQSY (1964–1965, minimum of solar activity).
Akasofu (1964b), Stringer et al. (1965), and Feldstein
(1966) discuss the position of zenith auroral forms near mid-
night for very quiet days. Observations from drifting (on
ice) stations in the Arctic Sea, Arctic Ice Flow (8 ∼78.3◦)
and Arctica 2 (8 ∼77.5◦) were used. The observations per-
formed on these stations conﬁrmed the position of the night-
time sector of the oval at 8 ∼70◦ during very geomagneti-
cally quiet days.
Lassen (1963) and Lassen et al. (1986) presented the
spatio-temporal distribution of the auroral appearance fre-
quency for the International Quiet Days (IQD) of the IGY,
based on observations of the four Greenland stations. This
is reproduced in Fig. 6. It characterises the isoaurora con-
centrations in the morning and afternoon hours with maxima
at 80 ∼78–80◦ CGL for 09:00–10:00 and 14:00–16:00MLT
and expanded isolines toward the midnight meridian. A dis-
continuity between the afternoon and nighttime isoauroras
exists from 18:00 to 19:00MLT, where the appearance of the
aurora abruptly decreases.
The possible existence of such azimuthal discontinuities
in the auroral occurrence within the auroral oval was men-
tioned by several authors. Feldstein (1963b) and Akasofu
(1976) draw their attention to the difference of morpholog-
ical characteristics of discrete auroral forms in the daytime
and nighttime sectors of the oval:
1. Rayed forms (rays and rayed arcs) dominate in the day-
time sector, while extended forms (auroral arcs and
bands) prevail during the night.
2. Discrete forms move polewards or in azimuthal direc-
tion during daytime, but equatorward during nighttime.
3. There are different heights of the auroral forms: their
lowerboundariesareat150–250kmduringdaytimeand
100–120km during the night.
4. The spectral composition of the luminosity differs be-
tween day and night with predominant red emissions
during daytime and green emissions during the night.
Figure 6. Auroral frequency pattern for the IQDs of 1957–1958.
Isoauroral lines are drawn on the polar graph with magnetic latitude
and local time (Lassen, 1963). Dashed lines illustrate interpolated
isoauroral lines due to missing data during daytime hours.
Discrete auroral forms might be missing at the junctions be-
tween daytime and nighttime sectors.
Feldstein and Starkov (1967b) investigated the existence
of such discontinuities in the morning and evening sectors of
the auroral oval for magnetically quiet conditions in more
detail. They used ascaﬁlms of 15min intervals from the
stations Cape Chelyuskin (80 ∼71.2◦), Wiese (80 ∼73.4◦),
and Pyramida (80 ∼74.8◦), which are located under the au-
roral oval in the morning and evening sectors. The aurora
were most often missing from 08:00 to 10:00MLT in the
morning and during 18:00MLT in the evening for minimum
values of the geomagnetic activity. According to Meng and
Lundin (1986) there is a lack of a connection between night-
side substorm activity and dayside discrete auroral activity.
These phenomena are consistent with the existence of two
major separated injection regions along the auroral oval: the
dayside cusp and the nightside plasma sheet. Discontinuities
intheovalwerereplenishedwithdiscreteauroralformswhen
the disturbance level increased.
One of the peculiarities of the scheme shown in Fig. 5 is
the lack of auroral arcs in the oval around noontime. Here,
one observes individual rays during geomagnetically quiet
periods, while there are extended arcs and bands in all other
parts of the oval. The discontinuity of extended discrete au-
roral forms in the daytime sector was later discovered in air-
plane (Buchau et al., 1970) and satellite studies (Akasofu,
1976; Snyder and Akasofu, 1976; Dandakar and Pike, 1978;
Meng, 1981; Murphree et al., 1982). The analysis of satellite
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images from the DMSP (Defense Meteorological Satellite
Program) showed that the discontinuity has a width of about
15◦ in longitude and occurs most often near 11:00MLT and
centred at 74.8◦ CGL. Data of the scanning photometer on
board the ISIS–2 (International Satellites for Ionospheric
Studies) satellite revealed that there exists sometimes a dis-
continuity of the 557.7nm emission on the dayside, while the
630.0nm emission is continuously recorded across the noon
sector.
Vorobjev and Rezhenov (1982) investigated in detail the
characteristicsofdiscontinuitiesinthenoontimesectorbased
on ascaﬁlms from the Pyramida (80 ∼74.8◦) station. For
the whole period of the IGY, they found only 14 intervals
where a disappearance of discrete auroral forms in the day-
time sector could be observed. It has been shown that in
case of an existing discontinuity during low geomagnetic
activity AE<100nT, it appears in the interval of 08:30–
11:30MLT. In the region of the discontinuity one observes
auroral spots and singular rays; sometimes for 2–5min seg-
ments of rayed forms of very weak intensity appear, which
decay to individual rays. The discontinuity occurs simulta-
neously with the formation of a DP-3 current system in the
polar cap, which is usually observed during periods of a pos-
itive BIMF
z component.
Meng and Lundin (1986) performed a detailed analysis of
the morphology of auroral luminosity in the daytime sec-
tor of the auroral oval. More than 300 DMSP satellite im-
ages of the years 1975 and 1979 were studied, dividing them
into 5 different groups – from magnetically quiet intervals
(group 1, AE ∼50nT, positive BIMF
z ∼3nT) to substorm in-
tervals (group 5, AE>500nT, negative BIMF
z ∼−4nT). The
existence of a midday gap appeared to be a permanent phe-
nomenon, being independent of the magnetic activity level.
A diffuse luminosity is observed within the gap together with
an absence of discrete forms in group 1 as well as in all other
groups including group 5. Auroral arcs extended along the
magnetic longitude, which are typical for the auroral oval,
expand into the late morning and early evening hours, adjoin-
ing the midday diffuse luminosity. The absence of discrete
forms in the midday sector during magnetic disturbances ac-
cording to data of Meng and Lundin (1986) might be related
to the method used in this study for the identiﬁcation of dis-
crete forms. Extended auroral forms like arcs and bands are
countedamongdiscreteforms.Suchformsarepracticallyab-
sent in the midday sector. There, one observes discrete forms
as single rays, groups of rays, or fractions of rayed arcs. In
addition to differences in the identiﬁcation, the rayed forms
in the midday sector are not sufﬁciently well identiﬁed with
satellite observations of auroral luminosity; only these ob-
servations form the background for the statements about the
permanent existence of a gap in the midday sector.
Chua et al. (1998) identiﬁed for roughly 7% of the sub-
storms observed during their study period from December
1996 to February 1997 the appearance of nightside auroral
gaps, centred around local midnight between 23:30MLT and
00:50MLT, spanning 1.3±0.3h in local time during sub-
storm recovery phases. By examining Polar satellite ultravi-
olet imager (UVI) auroral images from January 1997 to Au-
gust 1998, Shue et al. (2002) found in 12% of the surveyed
images two-component auroras. This two-cell convection au-
rorawithdiscreteformsintheeveningandmorningsectorsis
azimuthally elongated over extended local times with a gap
on the dayside and nightside. The events found were basi-
cally in the creation (growth) phase or the recovery phase of
substorms.Shueetal.(2006)showsthatthedusk-sidebranch
of the two-cell aurora coincides with particle precipitations
observed by the DMSP F12 spacecraft.
Holzworth and Meng (1975) and Starkov (1994) approxi-
mated the auroral oval boundaries with the ﬁrst harmonics
of a Fourier series. The co-latitude of the oval’s equatorward
boundary for magnetically quiet conditions can be described
according to Starkov (1994) as
2◦ = 17.5◦ + 3.4◦cos(t −18◦) − 0.7◦cos(2t −45◦), (1)
where t is the hour angle, counting from midnight eastward.
2◦ results in 13.4 and 20.0◦ for daytime and nighttime hours,
respectively. The width of the oval during quiet conditions
amounts to ∼2◦, which results in poleward boundaries of
∼79◦ CGL during daytime and ∼72◦ CGL during night-
time. Using optical aurora observations of DMSP satellites,
Meng et al. (1977) determined the radius and the centre’s po-
sition of the circle, which approximates the poleward bound-
ary of the oval. During magnetically quiet conditions, this
oval radius is 14.6◦ and its offset 6.6◦ from the geomagnetic
pole toward the nightside. This results in a boundary at 69◦
geomagnetic latitude during the night and 82◦ during the day.
The variation of the latitude of the auroral oval with lo-
cal time entails also a variation of the arc’s and band’s ori-
entations relative to the geomagnetic ﬁeld. The orientation
of elongated forms can be determined with fairly good ac-
curacy by observations from a single station. This circum-
stance and the importance of studying the orientation of au-
roral arcs for the development and veriﬁcation of different
theories of magnetic storms and the auroras, boosted a fairly
active discussion of this topic over the last two centuries.
Vegard and Krogness (1920) generalised the results of op-
tical observations during the ﬁrst IPY (1882–1883). Figure 7
shows the mean direction of the arcs on a number of polar
stations, referred to the geomagnetic meridian. It is obvious
that the direction of the arcs is approximately perpendicu-
lar to the geomagnetic meridians. This has been conﬁrmed
by more accurate measurements with the parallactic pho-
tographs (Størmer, 1927).
A new stimulus for deeper investigations of extended au-
roral forms, their location and orientation, resulted from the
theory of magnetic storms and auroras by Alfvén (1950). It
allowed predicting the diurnal variation of the arc’s orienta-
tion: a decrease of their azimuth from 18:00 to 06:00LT, an
abrupt increase by 30◦ at 06:00LT, and a subsequent slight
decline till 18:00LT. The existing fragmentary observations
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Figure 7. Mean direction of auroral arcs along the auroral zone referred to the geomagnetic meridians (Vegard and Krogness, 1920).
of the diurnal variation required further, more detailed repro-
cessing of the observations to make a deﬁnite check of the
theory. In particular, observations at the discontinuity near
06:00LT are very important (Alfvén, 1950, p. 188).
Such investigations were practically simultaneously per-
formed at the stations Godhavn (80 ∼77.6◦) (Lassen, 1959),
Kiruna (80 ∼64.5◦) (Hultqvist et al., 1961), and Dixon Is-
land (80 ∼67.9◦) (Starkov and Feldstein, 1960). The atten-
tionwasfocusedparticularlyontheexistenceofanazimuthal
jump in the morning hours. Such a jump was found in the ob-
servations of Godhavn and Kiruna in full correspondence to
Alfvén’s theory. The observations on Dixon Island showed a
systematic decrease of the azimuth from 18:00 to 06:00LT,
qualitatively supporting the theory. The existence of an az-
imuthal jump in the morning hours could not be veriﬁed, be-
cause around 06:00LT at these latitudes diffuse auroras were
predominant, and the discrete forms were shifted poleward
away from Dixon Island. To obtain a somehow compara-
ble impression about the azimuthal variation in the morning
hours, it was necessary to involve observations from stations
athigherlatitudes,wheretheovalshiftsat06:00LTduringits
latitudinalvariations.StarkovandFeldstein(1967a)analysed
observations at the high-latitude stations Cape Chelyuskin
and Pyramida (Fig. 8a, b), which allowed following the az-
imuth variations of elongated auroral forms around the clock.
Figure 8. Diurnal variations (MLT) of the azimuths of elongated
auroral forms at the stations Cape Chelyuskin (a) and Pyramida,
Spitzbergen (b). The number signiﬁes the quantity of arcs occurring
during the corresponding hour. The vertical lines indicate the mean
quadratic errors (Starkov and Feldstein, 1967a).
Figure8aand bshowazimuthsof thearcsof∼90◦ atmidday
and at midnight, but there is no jump of the azimuth around
06:00LT. In the morning hours, a rapid increase takes place,
which was interpreted in previous investigations as a jump.
Assuming that the arcs are aligned along the auroral oval,
which represents at a given moment the distribution of the
auroral luminosity, one can deduce the position of the au-
roral oval from the auroral orientation. Such a method with
single-station observations was proposed by Alfvén (1950)
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Figure 9. Auroral belt (bold line) obtained from auroral orientation
observations at the stations Dixon Island (1), Point Barrow (2), Fort
Churchill (3), Cape Chelyuskin (4), Wiese Island (5), and Pyramida,
Spitzbergen (6). The hatched area shows the position of the auroral
oval. The digits 1–6 denote the MLT intervals, during which the
observed azimuths at the corresponding stations were obtained for
the construction of the current auroral belt (Starkov and Feldstein,
1967a).
and performed for the ﬁrst time by Hultqvist et al. (1961).
Observations of the diurnal azimuthal variation of the arcs
at several different latitudes, allowed an even more precise
determination of the auroral band position. Figure 9 shows
the results of such calculations for the IGY period accord-
ing to Starkov and Feldstein (1967a). The dashed line indi-
cates the position of the auroral oval, deduced from obser-
vations of the appearance frequency of auroras. It is obvi-
ous, that the auroral band, which is calculated corresponding
to the azimuth observations, coincides with the auroral oval.
An analogous result was achieved for the IQSY period by
Gustafsson et al. (1969).
The practically uninterrupted appearance of bright auroral
forms along the oval during any level of geomagnetic activ-
ity suggests a continuous particle ﬂow into the upper atmo-
sphere. Apparently, a sufﬁciently effective generation pro-
cessforsuchparticleswithinthemagnetosphereisnecessary.
Such a process must act continuously, even during periods of
low magnetic activity, and with a particle ﬂow of the order
of 108–109 electronscm−2 s−1 with energies between 1 and
10keV.
5 Discrete auroras in the polar cap
Auroral arcs at latitudes poleward of the auroral oval (above
∼80◦ CGL) have been systematically studied and classiﬁed
as a particular class of arcs about 50years ago based on the
material of the IGY (e.g. Davis, 1960; Feldstein, 1960; Den-
holm and Bond, 1961). At images taken with ground-based
all-sky cameras or from satellites, these auroras looked like
arcs, which are elongated approximately along the noon–
midnight meridian. Therefore, they have been often called
sun-aligned arcs. The ﬁrst person who carefully recorded
such auroral forms was the Australian scientist Mawson
(1916). Nowadays, also other terms like polar cap auroras
(PCA), transpolar arcs, and θ auroras are used to denote
sun-aligned arcs. This commonly used nomenclature mainly
reﬂects morphological characteristics of the luminosity, but
the term PCA comprises also a supposition about the likely
source region of this luminosity in the magnetosphere. In-
deed, it is often assumed that the region inside the auro-
ral oval boundary is the polar cap, i.e. a region of “open”
magnetic ﬁeld lines and part of the magnetospheric tail. The
source region of high-latitude sun-aligned arcs is debated in
detail in the current literature (Sandholt et al., 2002a; Newell
et al., 2009). In this review article we will utilise the term
PCA, because it is the most commonly used.
Hultqvist (1962) and Feldstein (1963b) generalised the in-
dividual observational results of many high-latitude stations
in the Northern and Southern Hemispheres. They showed
that the orientation of the PCA follows at all stations in its
diurnal variation the sun’s position, but at local midnight the
PCAs are oriented in the direction toward the geomagnetic
pole.
The diurnal variation of the PCA appearance frequency
for Northern Hemisphere stations during the IGY was in-
vestigated by Davis (1962) and later by Lassen (1972) and
Ismail et al. (1977). It was shown that the PCA appearance
has two maxima in the diurnal variation – one in the morn-
ing sector, the other in the evening sector of the polar cap, in
which the morning maximum is larger than the evening one.
Figure 10 shows the diurnal variation of the PCA appear-
ance frequency, taken from the work of Yahnin and Sergeev
(1981). Data for Northern Hemisphere stations (Fig. 10a, b,
c) were adopted from the paper of Davis (1962), but show the
dependence converted to MLT instead of LT. For the South-
ern Hemisphere, data of the Vostok station (80 =−83.5◦)
were used for 1965 (d) and 1968 (e). The maxima at the Alert
station (80 =−86.7◦, Fig. 10b) differ from the expected val-
ues, probably due to the small number of observations during
evening hours. Two maxima are observed at the Vostok sta-
tion, where the morning maximum is larger than the evening
maximum.
The orientation of the interplanetary magnetic ﬁeld (IMF)
has a substantial inﬂuence on the appearance and distribu-
tion of PCAs. Hourly averages of the BIMF
z component dur-
ingPCAobservationswithsatellites(Berkeyetal.,1976)and
ASCs (Lassen and Danielsen, 1978) turned out to be mostly
positive. The appearance of sun-aligned arcs in the polar cap
area as a predominantly northward BIMF
z phenomenon was
described also by Yahnin and Sergeev (1979), Gussenhoven
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Figure 10. Diurnal variation of the PCA appearance frequency for
the stations Thule (a), Alert (b), and Resolute Bay (c) in the North-
ern Hemisphere and the station Vostok (d, e) in the Southern Hemi-
sphere (after Yahnin and Sergeev, 1981).
(1982), Valladares et al. (1994), Cumnock et al. (1997) and
others. Troshichev et al. (1988) argued that arcs appear in the
polar cap with a time delay of ∼1h relative to a northward
turning of the IMF, while its disappearance after a southward
turning of the IMF occurs much faster, usually within 10–
15min. Rodrigues et al. (1992) determined 20–30min as the
characteristic time of PCA decay.
The effects of the BIMF
y and BIMF
x components’ signs on
the PCA behaviour were discussed in numerous papers (e.g.
Lassen and Danielsen, 1978; Yahnin and Sergeev, 1979,
1981; Gussenhoven, 1982; Troshichev and Gusev, 1994).
Lassen and Danielsen (1978) showed with data from stations
in Greenland that in the Northern Hemisphere PCAs occur
more often for BIMF
y > 0 and BIMF
x < 0. Using ascaplots of
high-altitude stations of the Northern (Nord, 80 =80.7◦; and
Thule, 80 =86.1◦) and of the Southern Hemispheres (Scott
Base, 80 =80.1◦; Wilkes, 80 =80.7◦; Dumont d’Urville,
80 = 80.4◦; and Vostok, 80 = 83.5◦), Yahnin and Sergeev
(1979) discovered an asymmetric probability of auroral ap-
pearances in the opposite polar caps. According to them,
PCAs at high latitudes of the Southern Hemisphere are more
often observed for BIMF
y < 0 and BIMF
x > 0, while in the North-
ern Hemisphere more often for BIMF
y > 0 and BIMF
x < 0.
Figure 11a illustrates the PCA appearance frequency in
the Southern Hemisphere in dependence of the BIMF
z com-
ponent (Yahnin and Sergeev, 1981). The BIMF
z values are
sampled in steps of 1nT and conﬁned to the range of
Figure 11. Dependence of the PCA appearance frequency in the
Southern Hemisphere on the magnitude and polarity of the BIMF
z
component (a) as well as on the BIMF
y (b) and BIMF
x (c) components
for positive BIMF
z (Bz > 0) values (Yahnin and Sergeev, 1981).
−6nT≤BIMF
z ≤ +6nT. The number of aurora observations
was insufﬁcient for BIMF
z < −5nT and BIMF
z > +5nT; the
outer columns (dashed) show the sum of them. The PCA
appearance frequency for southward IMF (negative BIMF
z ) is
quite small, while it increases linearly for the northward IMF
orientation (positive BIMF
z ). Observations of auroras in the
southern polar cap for northward BIMF
z are more often for
BIMF
y < 0 and BIMF
x > 0 (Fig. 11b, c). Sandholt et al. (1993)
considered the direction of motion of discrete auroral forms
at the dayside boundary of the polar cap for both positive and
negative BIMF
y component values.
Due to the spiral structure of the IMF, there is a strong
correlation between the BIMF
x and BIMF
y components. Yahnin
and Sergeev (1981) considered, therefore, the diurnal varia-
tion of the PCA appearances during periods when the IMF
vector resided in different quadrants of the GSM X–Y plane,
to separate the effects of these components. These investiga-
tions revealed that the appearance frequency in the Southern
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HemisphereincreasesforBIMF
x > 0independentlyoftheBIMF
y
sign (cf. Fig. 11a–c).
The importance of the BIMF
y component is particularly ob-
vious in the appearance frequency of auroras in the dawn
and dusk sectors of the polar cap. Sun-aligned arcs are ob-
served in the dawn (dusk) side of the northern polar cap
much more frequently during BIMF
y > 0 (By < 0) (Yahnin and
Sergeev,1979;Gussenhoven,1982).Onthecontrary,auroras
appear in the dawn (dusk) side of the southern polar cap most
frequently during BIMF
y < 0 (BIMF
y > 0) (Yahnin and Sergeev,
1981; Troshichev et al., 1988).
Sergeev and Yahnin (1978) selected 117 cases of moving
arcs from the Northern Hemisphere and 82 cases from the
SouthernHemispheretoinvestigatethedirectionofPCAmo-
tions in more detail. They showed that in both hemispheres
motion toward the dusk (dawn) side dominates in the dawn
(dusk) sector, respectively, i.e. the movement always occurs
from lower to more poleward latitudes. Data analyses from
former studies (Feldstein et al., 1968; Danielsen, 1969; Aka-
sofu, 1972a) showed a good correspondence with this result,
considering the local time dependence of these observations.
Because PCAs occur mainly for northward BIMF
z , their ap-
pearance probability is hence obviously anticorrelated to the
geomagnetic disturbance level and to the activity of sub-
storms (Davis, 1963; Feldstein et al., 1969; Starkov and Feld-
stein, 1971a; Lassen, 1972; Gussenhoven, 1982; Ismail et al.,
1977). Starkov and Feldstein (1971a) proposed to include
PCAs into a substorm development scheme. In this scheme,
polar cap auroras disappear during the transition from the
creation phase to the expansive phase of a substorm. This
rule generally holds, but there are reports about a number of
events where PCAs were observed during substorm expan-
sion phases (e.g. Pike and Whalen, 1974; Akasofu, 1974a;
Yahnin and Sergeev, 1981; Henderson et al., 1996). Prior
to the expansion phase, the IMF is usually, but not always,
southward oriented (BIMF
z < 0), obviously causing the dis-
appearance of auroras from the polar cap (for southward
BIMF
z ) or its existence simultaneously with a developed au-
roral bulge (for northward BIMF
z ).
Frank et al. (1982, 1986) described a particular class of
PCAs, the θ auroras, which were observed with the UVI im-
ager on board the Dynamics Explorer 1 (DE-1) spacecraft.
The θ aurora is a transpolar, sun-aligned band linking day-
side and nightside parts of the auroral oval. The relation of
the θ aurora to the BIMF
y component was examined by Frank
et al. (1985). They showed that the motion of the transpo-
lar band is generally in the direction of the BIMF
y component
in the Northern Hemisphere and in the opposite direction in
the Southern Hemisphere. Makita et al. (1991) argued that
θ auroras are usually located at the poleward edge of the
soft, E < 0.5keV, precipitation region extending from the
morning (evening) parts of the auroral oval during BIMF
y < 0
(BIMF
y > 0). Distributions of θ auroras for different IMF ori-
entations were also obtained from Viking spacecraft UVI im-
ages by Elphinstone et al. (1990).
The scanty spatial resolution of spacecraft UV imagers did
not allow examining the ﬁne structure of θ auroras and their
relation to visible PCAs. However, there were some reasons
to assume that visible PCAs are the most intense brighten-
ings, appearing against the background of wider but less lu-
minous transpolar bands that were observed by UV imagers
(Gusev and Troshichev, 1990). Direct comparisons of visible
PCAs observed by the all-sky camera at the Vostok station
and θ auroras registered by the DE-1 UV imager were car-
ried out for the ﬁrst time by Vorobjev et al. (1995b). They
examined the event of 3 August 1986, when sun-aligned arcs
persisted in the sky over the Vostok station for an unusu-
ally extended period of about 5h. The BIMF
z and BIMF
y com-
ponents observed with the IMP-8 spacecraft from 14:00UT
to 20:00UT are shown in the two left-hand side panels of
Fig. 12. In this case, the propagation time from the IMP-8
location to the magnetopause was ∼7min. The auroral dy-
namics obtained from ground-based all-sky cameras are rep-
resented in the right-hand side panel of Fig. 12. The magnetic
local time at Vostok station (MLT = UT−1) is shown along
the right vertical axis. The horizontal axis shows the distance
(L, km) from the noon–midnight meridian under the assump-
tion that the aurora height was about 150km. The auroral
display was reversed left to right to provide a view from the
Northern Hemisphere with the noon toward the top and local
evening toward the left. The region occupied by the PCA and
the θ aurora is shown as a hatched band.
Observations with the DE-1 spacecraft in the dark South-
ern Hemisphere and with Viking spacecraft in the sunlit
Northern Hemisphere, which were available for this event,
showed that the auroras have a typical θ structure. Fig-
ure13aillustratestheboundariesoftheUVIauroralluminos-
ity observed by DE-1 with a brightness of 1kR at 18:24UT
(Craven et al., 1991). The hatched region of the auroral
luminosity is shown in coordinates of corrected geomag-
netic latitudes (CGL) versus MLT. The ﬁeld of view of Vos-
tok’s all-sky camera and the discrete auroral arcs recorded
at 18:24UT are superposed on the UVI auroral distribution
pattern. The camera ﬁeld of view was conﬁned to 500km.
The original all-sky camera frame at 18:24UT is shown in
Fig. 13b. It presents three rather bright sun-aligned arcs em-
bedded in the transpolar band of the UV θ aurora.
Craven et al. (1991) presented the position of the
transpolar band boundaries in the dawn–dusk meridian
(06:00–18:00MLT axes) from 17:48UT to 19:48UT. These
contours of 1kR brightness are shown with crosses con-
nected by thin linesin the right part of Fig.12. As can be seen
in the ﬁgure, the visible sun aligned arcs are located inside
the transpolar band. The horizontal dashed line indicates here
the time of 18:24UT. Auroral distributions observed simul-
taneously with DE-1 and Viking spacecrafts in both hemi-
spheres are represented in Fig. 13c. The boundaries of au-
roral luminosity observed with DE-1 at 18:24UT are shown
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Figure 12. Variations of the BIMF
z and BIMF
y components obtained
with the IMP-8 spacecraft and the auroral dynamics in the sky of
the Vostok observatory (80 = 83.5◦) on 3 August 1986 (Vorobjev
et al., 1995a).
by solid contours. The dashed line indicates the approximate
centre of the transpolar band. The position of northern au-
roras observed simultaneously with Viking at 18:25UT is
superposed on the southern auroral display. The thick line
marks the position of the northern transpolar band.
The intensity of auroral luminosity recorded by Viking
was divided into four gradations in arbitrary units. Craven
et al. (1991) noted that the transpolar bands in both hemi-
spheres are located almost symmetrically relative to the
13:00–01:00MLT meridian. In addition to optical observa-
tions, Feldstein et al. (1995) used auroral plasma distribution
records from the Viking and DMSP F6 and F7 spacecrafts
of 3 August 1986, and showed that the conclusion of Craven
et al. (1991) about the asymmetrical location of the θ aurora
in both hemispheres is applicable only to the most intense lu-
minosity sites. Precipitation data support the location of the
most intense aurora in the Northern Hemisphere as being in
the morning sector but show that a less intense arc occurs
in the evening sector, in a conjugate position to the θ aurora
observed in the Southern Hemisphere. Thus, the precipita-
tion pattern, but not the intensity of luminosity, is conjugate.
The asymmetry in the polar cap auroral intensity is proba-
bly controlled by the BIMF
y component direction. The event
Figure 13. Distribution of the auroral luminosity over the Vos-
tok observatory in the Southern Hemisphere (80 = −83.3◦, 30 =
53.8◦) on 3 August 1986, 18:24UT: (a) boundaries of UVI auroral
luminosity in the Southern Hemisphere, the dashed area indicates
the auroral luminosity, (b) the frame of all-sky camera ﬁlm from
the Vostok observatory, and (c) simultaneous aurora distributions in
both hemispheres (different shadings indicate different auroral in-
tensities) (Vorobjev et al., 1995a).
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under discussion occurred, when the IMF components were
Bz = −2.5nT, By = −9.5nT, and Bx = 5.5nT. Let us note
that this θ aurora persisted for a long time during a south-
ward IMF orientation. Unquestionably, most isolated θ auro-
ras across the polar cap occur for northward IMF (Cumnock
et al., 1997).
Zverev et al. (1992) provided a compilation of simulta-
neous observations of discrete auroral forms in the northern
(with the Viking UVI imager) and southern polar cap regions
(all-sky cameras at the Vostok station) for various situations.
It was shown that PCAs in opposite hemispheres can
1. appear in the same time sector
2. be distributed approximately symmetrical to the noon–
midnight meridian, or
3. be observed only in one hemisphere.
These results, as well as the asymmetry of the auroral ap-
pearance frequency in opposite hemispheres in dependence
on the BIMF
y component, can provide evidences about the vio-
lation of auroral conjugacy, which would be expected for arc
generations at closed magnetic ﬁeld lines. All PCA events
examined by Zverev et al. (1992) as well as the event of 3
August 1986, presented above, were observed during south-
ward BIMF
z conditions. Therefore, one can tell only about a
statistical dependence of PCA appearances on the BIMF
z ori-
entation.
In the paper of Vorobjev and Zverev (1995), some mor-
phological features of PCAs were examined, based on ﬁfteen
events including the one on 3 August 1986, by using all-sky
camera ﬁlms from the Vostok station. Abruptly rising sun-
aligned arcs of 15–30min duration were observed, during
which the auroral brightness increased by a factor of 5–10.
These auroral activations occurred both for northward and
southward oriented IMF, with a tendency for longer lasting
events if BIMF
z is southward. Vorobjev and Zverev (1995) re-
ported at the 22nd European Meeting on Atmospheric Stud-
ies by Optical Methods that such polar cap aurora events
(PCE) under southward BIMF
z conditions last about two times
longer than those under northward BIMF
z . They argued that
auroral displays during PCEs often resemble midnight auro-
ral substorm developments for positive or small southward
BIMF
z . The only difference is that PCEs were not accompa-
nied by an increase of ionospheric currents. Later, Kornilov
et al. (2008) examined sun-aligned arc features from all-sky
TV(televison)cameraobservationsinBarentsburg,Spitzber-
gen(80 =75.2◦).TheyfoundoutthatduringnorthwardBIMF
z
the arc brightness increased 10–20-fold on a timescale of 5–
10min. At the peak of brightening, polar cap arcs exhibited
fast motions and deformations. They concluded as well that
polar arc activations look like an auroral zone breakup, but
rotated by 90◦.
Newell et al. (2009) found three types of polar cap auro-
ras when investigating the characteristics of auroral precip-
itations with the DMSP satellites. The most common type
constitutes a weak intensiﬁcation of the polar rain (the con-
tinuous corpuscular precipitation within the polar cap), with
energy ﬂuxes F < 0.1ergcm−2 s−1 for electrons and an ab-
sence of corresponding ion ﬂuxes. The second type con-
sists according to the authors of electron and ion ﬂuxes,
which are adjacent to the auroral oval with ﬂux intensities of
F > 0.1ergcm−2 s−1. Finally, intense electron and ion pre-
cipitations, which are well detached from the auroral oval,
constitute the third type. They contain plasma sheet ion pre-
cipitations as well as electrons.
The electrodynamics of auroras in the polar cap and their
relation to the characteristics of auroral precipitations, to the
distribution of electric ﬁelds and currents within the polar
cap and to the plasma structure of the magnetosphere, are
described in the review articles of Sandholt and Farrugia
(2002), Newell et al. (2009), and in the monograph Auroral
Plasma Physics (Paschmann et al., 2002).
6 Auroral luminosity in the daytime sector
Investigations of the spectral and morphological characteris-
tics of daytime aurora constitute matters of particular inter-
est. It was shown already in the very ﬁrst studies of this kind
(Fairﬁeld, 1968) that during daytime hours the projection of
the auroral oval along the geomagnetic ﬁeld lines agrees very
well with the magnetospheric boundary, the magnetopause.
The main energy transfer processes from the magnetosheath
region into the magnetosphere–ionosphere system take place
at the magnetopause and in the magnetospheric boundary
layers.
The auroral activity in the oval latitudes exists almost
continuously. Ground-based observations during the IGY
showed the presence of discrete forms in the daytime and
nighttime hours even in extremely magnetically quiet pe-
riods (Fig. 5). An analysis of ascaﬁlms during such inter-
vals has shown that the daytime sector of the auroral oval is
ﬁlled up by separated auroral rays and then by faint rayed
arcs along with a magnetic activity increase (Feldstein and
Starkov, 1967a; Starkov and Feldstein, 1967b).
During magnetic disturbances the equatorward boundary
of the oval shifts to lower latitudes at all MLT hours whereas
the behaviour of its poleward boundary is more complicated.
Thenighttimesectoroftheovalexpandsandtheareacovered
by auroras increases. The dependence of the Northern Hemi-
sphereauroralovalpositioninthedaytime06:00–10:00MLT
(a), 10:00–14:00MLT (b) and 14:00–18:00MLT (c) sectors
on the magnetic activity level, expressed by the Q index, is
shown in Fig. 14 (Feldstein and Starkov, 1967a). As seen
in Fig. 14b, the midday part of the oval shifts equatorward
almost without expansion. The centre of midday auroras dis-
places toward the south from about 77 to 74◦ CGL, when the
Q index increases from 0 to 6.
The nighttime aurora dynamics is deﬁned mainly by the
auroral substorm development while midday auroras are less
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Figure 14. Locations of the northern and southern edges of
the dayside auroral oval in dependence on the Q index of the
magnetic activity (a 06:00–10:00MLT, (b) 10:00–14:00MLT, and
(c) 14:00–18:00MLT). The dashed line represents the centre of the
oval (Feldstein and Starkov, 1967a).
expressively included in the substorm activation. The orig-
inal version of the auroral substorm development scheme
(Akasofu, 1964a) was completed to a global pattern by in-
cluding the dynamics of daytime auroras by Feldstein and
Starkov (1967a), Starkov and Feldstein (1967b), and then by
Akasofu (1968). A new feature of this pattern was the equa-
torward displacement of the midday auroras during the sub-
storm expansive phase. This equatorward displacement has
been conﬁrmed later by Akasofu (1972b). Akasofu (1972c)
has found a close relationship between the range of the equa-
torward shift of midday aurorae and the magnitude of a neg-
ative magnetic bay in the midnight sector of the auroral zone.
In the papers cited above, the displacement of midday au-
roras was considered as a change of whole auroral zone po-
sition while the dynamics of each discrete auroral form was
not investigated in detail. Such kind of study was carried out
for the ﬁrst time by Vorobjev et al. (1975), and then in more
detail by Vorobjev et al. (1976b). With numerous events it
was shown that, inside the auroral oval boundaries, the day-
side rayed auroral forms move predominantly poleward, just
like prior to magnetospheric substorms and when substorms
are in the progress. These authors used 1min ascaﬁlms ob-
tained from the Pyramida station (Spitzbergen) during the
IGY period to estimate the dayside arc’s velocity, which can
reach 0.8kms−1. The average poleward velocity was calcu-
lated to be about 230 and 330ms−1 before and during the
substorm expansive phase, correspondingly. To estimate the
auroral velocity, the altitude of discrete auroras was adopted
to be 150km (Starkov, 1968).
The dayside auroral luminosity is characterised by a fairly
complex structure; the oval with discrete forms is only a part
of the dayside auroras (Heikkila et al., 1972; Shepherd et al.,
1976; Vorobjev and Turjansky, 1983; Sandholt et al., 1985;
Vorobjev et al., 1988a). Dayside poleward moving auroral
forms are observed inside a broad band of red auroral lumi-
nosity. They generally occur near its equatorward edge and
disappear inside of this area, as a rule, not reaching its polar
boundary. The red auroral band is therefore about 1–2◦ wider
than the oval of discrete forms. Separated rays and faint, lon-
gitudinally bordered rayed arcs can appear sometimes in this
part of red luminosity for a short time.
Figure 15. Distribution of the dayside auroral luminosity during a
mean level of magnetic activity. Boundaries of the auroral oval are
shown by dashed lines. The position of homogeneous arcs is shown
by solid lines; that of rayed ones by a herringbone. The direction to
the sun is upward in the ﬁgure (Leontyev et al., 1992).
The dayside red auroral band is the region where the au-
roral luminosity in the (OI) 630.0nm emission prevails over
the (N+
2 ) 391.4 and (OI) 557.7nm emissions, i.e. the ratio
I6300/I5577 > 1. According to Rees and Luckey (1974), such
kind of auroral luminosity can be produced by precipitat-
ing electrons with energies from a few tens to a few hun-
dred electronvolts, as it was conﬁrmed as well by numer-
ous spacecraft observations (e.g. Heikkila and Winningham,
1971; Heikkila et al., 1972; Frank and Ackerson, 1971). In
the daytime sector, there is a distinct separation of precipita-
tions into soft and hard zones, which was visualised by air-
borne and ground-based optical measurements (e.g. Heikkila
et al., 1972; Vorobjev and Turjansky, 1983). Diffuse auroral
luminosity with a ratio of I6300/I5577 < 1 exists equatorward
of the dayside red band jointed to its equatorward edge. This
luminosity, caused by an electron precipitation of a few kilo-
electronvolts, is more distinct in the morning and pre-noon
hours, but is also present in the afternoon, though much less
intense there.
Figure 15 shows a scheme that summarises the principal
peculiarities of the daytime luminosity structure in MLT–
MLat (magnetic latitude) coordinates. Noon (12:00MLT) is
in the upper part. This scheme was reported for the ﬁrst time
by V. G. Vorobjev on an international symposium in Suz-
dal (1986) and then published in the proceedings as a joint
Norwegian–Russian report (Sandholt et al., 1988). Later, this
scheme was shown in the paper by Leontyev et al. (1992):
it corresponds to a mean level of magnetic activity and in-
dicates the auroral luminosity regions with various spectral
characteristics. The dominant (OI) emissions in these re-
gions are labelled as 557.7 or 630.0. The dotted region in the
noontime sector indicates soft electron precipitations with
I6300/I5577 > 1. The direction of the discrete auroral form’s
motion is denoted by arrows. Beside of the motion of discrete
forms toward the pole, there is an azimuthal motion from the
noon sector toward dusk hours.
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In the pre-noon sector, a region with I6300/I5577 < 1 ad-
joins the region of soft electron precipitation from the equa-
torward side. This is a region of diffuse aurora, in which
homogeneous arcs are moving towards the Equator. In the
evening,auroralluminosityismainlyconcentratedwithinthe
auroral oval and I6300 ≈ I5577. Near 15:00MLT one can ob-
servechangesoftheauroraltypefromrayedtohomogeneous
forms and of their meridional movement from poleward to
equatorward.
A gap within the discrete auroral forms near noon is miss-
ing in Fig. 15. Such a gap was detected by spacecraft obser-
vations and it is usually treated as a permanent peculiarity of
the daytime sector. However, ground-based all-sky cameras
rarely observe a daytime auroral gap near noon.
Vorobjev et al. (1988a) have recognised three subtypes of
poleward moving auroral forms. Different behaviour of the
red-to-green (I6300/I5577) intensity ratio during the lifetime
of these forms was the basis for this selection. The tempo-
ral behaviour of (OI) 630.0 (heavy lines) and 557.7nm (thin
lines) emissions for these subtypes are shown in Fig. 16a–c
from the meridian scanning photometer (MSP) data analy-
sis. Figure 16a demonstrates the intensity variations which
are attributed to rayed arcs observed mainly near (often just
before) magnetic noon. The brightness of arcs quickly in-
creases for about 3min and then a slower decrease in inten-
sity is observed. The auroral green line intensity I5577 de-
creases faster than I6300, conﬁrming the diminishing spectral
hardness of the precipitating electrons. The 630.0nm inten-
sity, being prevalent during the lifetime of arcs, rarely ex-
ceeds 1kR, whereas the 557.7nm intensity of 0.4–0.6kR is
typically observed. These faint arcs could not be registered
by spacecrafts with low sensitivity devices, while the mid-
day auroral gap can be identiﬁed herewith.
The temporal variations of intensity, as shown in Fig. 16b,
are attributed to rayed arcs, which are generally observed af-
ter noon. These variations are similar to those just prior to
the initial period (1–2min) of the arc generation, as con-
sidered above, with I5577 > I6300. According to Rees and
Luckey (1974), the energy of precipitating electrons is larger
than 1keV during this short time interval. The third type
(Fig. 16c) is related to the brighter afternoon arcs, the inten-
sity of which often increases drastically for a short time. The
signiﬁcant increase especially in I5577 occurs during such
bursts. According to TV observations, these bursts are as-
sociated with an abrupt brightening of a small rayed auroral
form segment, which moves along the form in an east–west
direction and falls therefore into the ﬁeld of view of a MSP
device. The bursts last, as MSP records show, from several
tensofsecondsupto1–2minandarerecurringin6–7minin-
tervals, while the recurrence period of auroral forms is about
4min.
The mean variation of K = I6300/I5577 for dayside auro-
ral forms is shown in Fig. 17. The secondary minimum in
K is connected with the auroral bursts. The smooth increase
of K during the lifetime of auroral forms conﬁrms the soft-
Figure 16. Temporal variations of (OI) 630.0 (heavy lines) and
557.7nm (thin lines) emissions in different types of dayside auroral
arcs (Vorobjev et al., 1988a). The three panels stand for various sub-
types of rayed arc emissions: (a) near or just prior to noon, (b) just
after noon, and (c) brighter afternoon emissions (see text for de-
tails).
ening of the precipitating electron energy spectrum and the
subsequent uplift of the discrete forms during their poleward
movement.
The ionisation proﬁles for different parts of the dayside
ionosphere obtained with ionosonde observations at Heiss
Island (80 = 74.6◦, Franz Josef Land) are shown in Fig. 18
(Vorobjev et al., 1990). A1 and A2 are the typical proﬁles
observed in the region of diffuse auroral luminosity with a
ratio I6300/I5577  1 and a fairly high concentration in the
E region, where a shielding Esr layer is observed. The pro-
ﬁle B1 corresponds to the equatorward part of the red auro-
ral band, where the poleward moving auroral forms are ob-
served, while the proﬁle B2 corresponds to the poleward part
of the red band generally without discrete auroras. The con-
centration of B2 is much less than B1 at the same altitudes.
For the B1 and B2 proﬁles, the maximum of the electron con-
centration, which apparently corresponds to the maximum
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Figure 17. The mean variation of the red-to-green emission inten-
sity ratio in dayside arcs (Vorobjev et al., 1988a).
of the red auroral luminosity, is located at an altitude of
∼250km. The proﬁles C1 and C2 are related to the polar cap
area where the electron concentration is small with a maxi-
mum at ∼300–400km.
Sandholt et al. (1998) proposed several schemes, which
differ from the one in Fig. 15, summarising principal pecu-
liarities of the daytime luminosity structure and of the mo-
tion of discrete forms for various IMF orientations. These
schemes,whichareshowninFig.19,wereconstructedonthe
basis of MSP observations of 630.0 and 557.7nm emissions
and ASCs of 630.0nm wavelength at the Ny Ålesund sta-
tion, Spitzbergen (80 = 75.5◦). The sorting of the data was
performed according to spectral and morphological auroral
characteristicsforvariousMLTsectorsandIMForientations.
The various auroral forms are labelled with the numbers 1–7.
The direction to the sun is downward in the ﬁgure.
Figure19shows the schemes forBIMF
z > 0 (a) andBIMF
z < 0
(b) under positive BIMF
y conditions. The two other possibili-
ties for the same BIMF
z orientation, but under negative BIMF
y
conditions is not shown. They differ from the schemes shown
in Fig. 19 by the motion of discrete forms that are directed
toward evening hours (eastward) instead of morning hours
(westward).
The two main cusp auroral forms in the midday sector are
Type 1 and Type 2 auroras which appear as rayed bands.
Type 1 occurs at geomagnetic latitudes of 70–75◦ and Type 2
at 75–79◦. Their spectra is dominated by an emission of
630.0nm with an intensity of 2–5 kR. Type 1 is often associ-
ated with poleward moving auroral forms (PMAFs). The az-
imuthal motion of the PMAFs is controlled by the BIMF
y com-
Figure 18. Ionisation proﬁles in different parts of the dayside iono-
sphere (Vorobjev et al., 1990).
ponent. Type 2 forms usually move equatorward and show
also a BIMF
y related east–west motion as indicated with the ar-
rows.
The zone of diffuse auroras with 557.7nm emissions
(Type 3) comprise all MLT hours at lower latitudes. Types 2,
4, and 5 are observed during positive BIMF
z periods, where
short arcs of Type 5 extend toward evening hours, while
Type 4 arcs extend toward morning hours. Type 1, Type 6,
and Type 7 are situated at lower latitudes.
Sandholt et al. (1998) assumed that the appearance of day-
time Type 1 and Type 2 structures is caused by reconnection
processes between the interplanetary and the magnetospheric
magnetic ﬁeld, i.e. within an open magnetosphere model.
Structures of Type 4 and Type 5 or Type 6 and Type 7 are
allocated within a closed magnetosphere.
The scheme of the distribution of dayside auroral forms
and their dynamics was further elaborated in the study of
Sandholt et al. (2002a). This new scheme is often cited in
the scientiﬁc literature and represents a somehow modiﬁed
version of the Sandholt et al. (1998) scheme.
Later Sandholt and Farrugia (2007) extended the cate-
gorisation of PMAFs. They classiﬁed them into four sub-
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Figure 19. Schematic distribution of dayside auroras for different regimes of BIMF
z and BIMF
y components: (a) Bz > 0 and By > 0, (b) Bz < 0
and By > 0. Seven different types of aurorae are marked by labels. Auroral motions Type 1 and Type 2 are indicated by arrows. The direction
to the sun is downward in the ﬁgure (Sandholt et al., 1998).
categories according to the local time of occurrence and
to the BIMF
y component as follows: pre-noon/By > 0, pre-
noon/By < 0, post-noon/By > 0, and post-noon/By < 0. All
subcategories occurred under a steady southward (Bz < 0)-
directed IMF, but with a dominant east–west (By) compo-
nent. Auroral observations were made at 630.0nm by merid-
ian scanning photometers and an all-sky camera in Ny Åle-
sund (76◦ MLat). Ionospheric plasma convection was in-
ferred from SuperDARN (Super Dual Auroral Radar Net-
work) radars. Observations of ion drift and particle precip-
itations (electrons and ions) were obtained from DMSP F13
and ﬁeld-aligned currents are based on measurements of the
satellites FAST (Fast Auroral Snapshot) and DMSP F13.
They found that the pre-noon and post-noon auroral forms
are separated around noon by an attenuated 630.0nm emis-
sion. The activation of PMAFs starts with an increase of the
emission intensity at noon. Later stages of the PMAF evolu-
tion were examined in relation to plasma convection cells,
ﬂow vorticity and particle precipitation boundaries. The
PMAFs are accompanied by the appearance of ﬂow chan-
nels in the ionosphere, which are considerably strengthen by
polarisation effects at the auroral boundaries. The existence
of an BIMF
y component leads to a considerable dawn–dusk
asymmetry. This concerns the position of the dawn and dusk
convection cells, the particle precipitations, and the conﬁgu-
ration of the FACs. Owing to all this, there appears a dawn–
dusk asymmetry of the PMAFs. The ion drift maximises at
the poleward boundary of the auroral arcs. This increase of
the ﬂow speed constitutes a polarisation effect. The low con-
ductivity on the poleward side of the arcs leads to an en-
hanced southward directed electric ﬁeld, which drives the
Hall current.
In general, the schema shown in Fig. 15 (Leontyev et al.,
1992) essentially differs from that in Fig. 19a and b (Sand-
holt et al., 1998). Such a difference is self-evident because
Fig. 15 illustrates the positioning of auroral forms during an
average disturbance level, while Fig. 19 was constructed for
periods of positive BIMF
z and negative BIMF
z . The main differ-
ences are those absent in Fig. 15, the Type 2 auroral forms
observed during positive BIMF
z , and any inﬂuence of the BIMF
y
component on the east–west direction of poleward moving
auroral forms. On closed ﬁeld lines, an eastward movement
of dayside rayed arcs corresponds to a tailward displacement
of the arc’s origins in the magnetospheric equatorial plane.
7 Auroral dynamics during substorms
7.1 Auroral substorms
Birkeland (1908, 1913) concluded from the analysis of the
magnetograms, which he had obtained during Arctic expe-
ditions organised by him, that the variation of the magnetic
ﬁeld at high latitudes consists of short and intense spikes,
which succeed consecutively one after another. The spikes
attain amplitudes from several hundreds to 103 nT; their du-
rations range from tens of minutes to several hours. Birke-
land called them “polar elementary storms” of positive (the
H component of the magnetic ﬁeld increases in comparison
with the quiet-time level) or negative kind (the H component
decreases). The most intense polar elementary storms are ob-
served at latitudes of the auroral zone.
Chapman (1935) carried out basic research on magnetic
ﬁeld structures during disturbances by generalising a large
amount of observations. He assumed the high-latitude dis-
turbance ﬁeld, D, to consist of long-lasting regular compo-
nents SD (daily variation of geomagnetic disturbance, con-
trolled by LT and UT) and Dm (aperiodic variations, con-
trolled by UT and not dependent on longitude), but also of
an irregular Di part. The regular variations were assumed to
represent a long-term feature, which are not connected to the
non-regular oscillations of the geomagnetic ﬁeld. The regu-
lar components Dm and SD carry the main part of D, while
Di smoothes out during averaging and its intensity is much
weaker than the regular contributions. For a long time after
the publication of Chapman (1935), the majority of authors
paid attention to the study of the SD and Dm variations. The
equivalent current system, constructed by Sydney Chapman
(1888–1970), became the leading paradigm in the study of
magnetospheric current systems.
Nikolsky (1956) and later Burdo (1960) analysed mag-
netic variations from high-latitude observatories with regard
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to the existence of regular SD and Dm variations. Burdo
(1960) determined the diurnal variation of the geomagnetic
ﬁeld elements for quiet hours during global magnetic storms
for both the international quiet and disturbed days based on
observations in Dixon Island (80 = 67.9◦) and Tikhaya Bay
(80 = 74.4◦). The magnetic ﬁeld turned out to be at a quiet
ﬁeld level during the hours of global storms, when they were
free of irregular oscillations. No noticeable long-term vari-
ations could be discovered that were not related to irregular
oscillations. The division of the D ﬁeld into Dm and SD vari-
ations appeared to be a formal mathematical approach.
The regular variations of the geomagnetic ﬁeld SD and Dm
at high latitudes are, therefore, almost completely created by
the “polar elementary storms”. The evolution of ideas about
the structure of disturbance variations of the high-latitude
geomagnetic ﬁeld proceeded thus in the 20th century from
polar elementary storms in the beginning of the century over
large-scale regular SD and Dm variations in the 1930s to the
reassumed conception of a sequence of short magnetic ﬁeld
spikes in the mid-20th century.
Such a conception about the structure of magnetic dis-
turbances at high latitudes was adopted by the scientiﬁc
community as a result of the IGY period. Thus, according
to Chapman (1962), the magnetic disturbances consist of
sporadic, rapidly emerging and decaying bursts (polar sub-
storms) both during magnetic storms and during rather quiet
periods.
The ideas about the succession of discrete auroral forms
run approximately through an analogous evolution like those
about magnetic disturbances. The polar elementary storms
identiﬁed and deﬁned by Kristian Birkeland were actually
the magnetic disturbances, which come along with auro-
ral activations. The study of disturbances developed in the
course of the beginning 20th century primarily via obser-
vations of visual auroras and magnetic ﬁeld ﬂuctuations
that accompanied changes in auroral luminosity. Birkeland
(1913) discussed the possible nature of a current system
that could be accounted for by the observed magnetic dis-
turbances: the currents are located close to Earth or form
a three-dimensional (3-D) current system with two vertical
currents in opposite direction connected by a horizontal sec-
tion. Birkeland pointed out that a current system with verti-
cal currents can explain some of the properties of the polar
magnetic disturbances. Bostrøm (1964) proposed 3-D cur-
rent systems in two variants. Type I is a modiﬁed Birkeland
current system, where the vertical currents ﬂow along the
curved geomagnetic ﬁeld lines. Polarisation effects occur-
ring in regions of enhanced conductivity lead to a southward-
directed electric ﬁeld and to a strongly intensiﬁed westward
Hall current. In Type II a Pedersen current ﬂows southward
across the electrojet and is closed by sheet currents at the
southern and northern edges of the electrojet. The electrojet
between the two sheet currents appears as a Hall current.
Akasofu (2004) assumed that the observed main features
of auroral substorms could be explained quantitatively by the
single fact that Bostrøm’s current systems are activated at
substorm onset. This comprises the following features:
1. A sudden brightening of the aurora due to an increase
of the auroral electron ﬂux or an intensiﬁcation of the
FACs.
2. A growth of the westward electrojet due to an enhanced
southward electric ﬁeld or Pedersen current.
3. Dipolarisation of the magnetic ﬁeld due to a reduction
of the cross-tail current.
However, the existence of an eastward electrojet in the iono-
sphere and its closure by FACs, which is the characteris-
tics of the 3-D current system in the evening sector of the
magnetosphere, is not taken into account in Bostrøm’s cur-
rent systems. Thus there emerged in the scientiﬁc literature
on model descriptions of substorm currents also other con-
cepts of current systems (see, e.g. Sergeev et al., 2014).
The 3-D magnetospheric current system is controlled yet
by several other sources and proves therefore to be quite
complex. The relation of the current system to the various
plasma domains in the magnetosphere is shown in Fig. 16 of
Feldstein et al. (2006).
As the magnetic ﬁeld measurements were easier to acquire
than auroral observations on a global scale, they form the ba-
sis for most of the discussions, which lead to the present-day
perception of the structure and evolution of planetary elec-
tromagnetic ﬁeld disturbances.
Fuller (1935) and Heppner (1954) generalised the re-
sults of visual auroral observations at high latitudes of the
western hemisphere and proposed the ﬁxed auroral pattern
model. The model includes the latitudes 60◦ < 80 <70◦ and
the 19:00–06:00MLT interval, when visual observations are
possible in Alaska. Auroras exist permanently, both during
geomagnetically quiet and disturbance intervals, and their
distribution is ﬁxed with respect to the sun. A change of the
forms for an observer at Earth’s surface is caused by the di-
urnal planetary rotation about its axis. During evening hours
one observes usually homogeneous arcs and a diffuse lumi-
nosity equatorward of them; pulsating forms and a diffuse
luminosity dominate during morning hours. The auroras are
most active around midnight, where they comprise a maxi-
mum latitude interval. The auroral forms and their position-
ing are closely related to geomagnetic ﬁeld variations with
an eastward current at dusk and a westward current during
dawn hours. A change of the electrojet direction occurs at
midnight, where the auroras are most intense, from eastward
in the evening to westward in the morning hours.
Photographic aurora observations during the IGY allowed
obtaining and analysing snapshot distributions of auroras and
their dynamics over large areas. Akasofu (1963, 1964a) con-
cludedfrom theseanalyses thatthe activationof aurorasfrom
the quiet state to the appearance of intense auroral forms
and the subsequent decay proceed in cycles. Every cycle
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Figure 20. Schematic diagram of substorm development for night-
time aurorae (Akasofu, 1964a).
constitutes an individual auroral substorm. The duration of
substorms lasts between 1 and 2h; during nighttime sub-
storms can recur several times. Figure 20 shows the changes
of auroral luminosity during substorm development accord-
ing to the pioneer work of Akasofu (1964a). The change of
auroral forms for a ground-based observer occurs not only
due to Earth’s rotation under a quasi-stationary auroral pat-
tern as it was proposed in the model of ﬁxed auroral patterns,
but to a great deal due to the expansion and decay of the
disturbance. The development of auroral substorms occurs
according to Akasofu (1964a) from a quiet state (moment
T = 0) over the expansion phase (0 ≤ T ≤ 30min) and the
recovery phase (30 ≤ T ≤ 120min) back to the quiet state.
Thedynamicsofdiscreteauroralformsduringauroralsub-
storms as it is shown in Fig. 20 (Akasofu, 1964a) comprises
only the nighttime sector. This conﬁnement is due to the use
of observations from Alaska and Canada only. The study of
auroras in the daytime sector requires the inclusion of obser-
vations from high latitudes of the eastern hemisphere, where
visualauroralobservationsduringdaytimehoursarepossible
close to the winter solstice. A scheme of substorms with two
phases, which comprises all local time hours, was proposed
by Feldstein and Starkov (1967b) and then also by Akasofu
(1968).
This scheme of the auroral substorm was later consider-
ably modiﬁed in the publications of Feldstein and Starkov
(1970a) and Starkov and Feldstein (1971b) as shown in
Fig. 21. A third phase (“creation phase”) prior to the ini-
tial moment T = 0 was introduced additionally to the expan-
sion and recovery phases. During these years a third phase of
substorm development in the magnetic ﬁeld variations was
proposed by McPherron (1970) under the notion “growth
phase”. The scheme of auroral substorms as shown in Fig. 21
proves to be the most complete generalisation about the con-
ception of a single substorm development in the auroras and
its description by Feldstein et al. (2010).
Gjerloev et al. (2007) determined how often auroral mani-
festations of polar substorms occur according to the scheme
shown in Fig. 20 (Akasofu, 1964a), but in a somewhat sim-
pliﬁed manner. They used imaging data of an Earth camera
in the far ultraviolet (FUV) range of 124.0–149.0nm that
were supplemented by the 557.7nm visible images from the
visible imaging system (VIS) on board the Polar spacecraft
(Frank et al., 1995). The selection of the events was based
both on their optical characteristics and the AL index pattern
around the time of events. Detailed descriptions of the crite-
ria used for the selection of events during the winter seasons
of the years 1997–2011 is given by Gjerloev et al. (2007) and
Gjerloev et al. (2008). Disturbances were classiﬁed as sub-
storms, if they were accompanied by a poleward bulge ex-
pansion from the auroral oval near midnight and by the de-
velopment of an auroral surge in the evening sector to the
west of the bulge. Gjerloev et al. (2007) found that the Aka-
sofu type substorm is the predominant type of auroral events
for isolated substorms. In 116 cases of all the selected events,
the auroral disturbances developed according to the classical
scheme of Akasofu (1964a), and only 20 further cases did
not display the classical characteristics.
Utilising global auroral images obtained by the VIS, Gjer-
loev et al. (2008) developed a quantitative method to describe
the spatio-temporal behaviour of auroras during the expan-
sive and recovery phases of substorms. Resulting from the
analysis of 116 substorms, they compiled latitudinal varia-
tions of structural auroral forms for each of 24:00MLT hours
and for 11 time steps of the substorm, covering 20min prior
to the onset until well into the recovery phase. They revealed
key features of the individual auroral patterns, which form
the background for the perception of a statistical substorm.
Based on their statistical model of the auroral substorm, a
bifurcation of the auroral oval into two components occurs
just after the onset time. The equatorial component (the oval
aurora) remains practically in the latitude range of the pre-
onset oval, while the bulge aurora emerges out of the oval,
expanding poleward, and both east and west in MLT. It was
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Figure 21. Planetary scheme of auroral substorm development (Feldstein and Starkov, 1970b; Starkov and Feldstein, 1971a).
found that the bulge aurora starts with a localised onset. A
new region of emissions is created outside the pre-onset oval,
whereas the oval aurora brightens simultaneously within the
pre-onset oval over some hours in local time.
Auroral substorms occur both during relatively quiet con-
ditions (as single substorms) and during magnetic storms,
where an overlay of several substorms takes place in the
main phase (the new substorm already starts while the pre-
ceding substorm is not yet terminated). This more complex
scenario is referred to as a multi-cycle substorm. Spatio-
temporal models of single substorms were described above
and are presented in Figs. 20 and 21 (see also Fig. 28
later on). Several studies explored possible differences in
the course of single auroral substorms and multi-cycle sub-
storms. Tsurutani et al. (2003) investigated the evolution of
the auroral luminosity using images of the Polar spacecraft
during the main phase of magnetic storms that have been in-
duced by magnetic clouds in the solar wind passing Earth’s
magnetosphere. They claim that the bulge is missing in the
substorm expansion phase of multi-cycle substorms. The lu-
minosity region, which comprises mainly patches, extends in
north–south direction over a large longitudinal range. The in-
tensity of the diffuse luminosity increases after the substorm
onset, which affects the possible partition of structured forms
at the satellite images.
Henderson et al. (2006a, b) performed detailed investiga-
tions of the dynamics of auroral bursts, based on images and
keograms of auroras on board the Polar and IMAGE (Imager
for Magnetopause-to-Aurora Global Exploration) satellites.
They analysed the electron and ion energy ﬂux variations at
a series of geostationary satellites like GEOS (Goddard Earth
Observing System) and LANL (Los Alamos National Labo-
ratory) for the two magnetic storm intervals of 18 April 2002,
and 10–11 August 2000. During these storm intervals they
identiﬁed sawtooth events, which represent disturbances of
the auroral luminosity and precipitating particles with a pe-
riodicity of 2–4h. These disturbances were termed sawtooth
events because the temporal variations of the proton ﬂux re-
semble in their shape the teeth of a saw blade.
Sawtooth disturbances are greatly similar to substorms,
but the auroral activity rapidly engages a wider than usual
azimuthal range and the injections can also be dispersionless
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over a much wider than usual range of local times (Hender-
son et al., 2006a). The auroral distribution in the nighttime
sector has a double-oval conﬁguration, which is observed
during storm intervals and sometimes also during the recov-
ery phase of individual substorms. The auroral disturbances
begin with a fairly localised onset in the equatorward branch
of the double oval in the evening sector and expand eastward,
westward, and poleward. This is the expansion phase of the
disturbance, prior to which occurs an equatorward motion
of the poleward branch, i.e. a thinning of the double oval.
This displacement can be considered as the creation (growth)
phase. The creation phase is accompanied by a stretching of
the nighttime magnetic ﬁeld lines in antisolar direction and
hence a thinning of the plasma sheet in the magnetospheric
tail. The creation phase of each sawtooth comes along with a
plasma injection at geostationary orbit and the formation of
streamers between the equatorward and poleward branches
of the double oval. There is no obvious appearance of a bulge
during the creation phase of sawtooth disturbances, which
are typical for individual auroral substorms.
Kornilov and Kornilova (2009) analysed ground-based
television and satellite auroral images of the main phases of
10 storms. It turned out that the variation of auroral luminos-
ity can take place in different scenarios: from absent bulges
to scenarios with subsequent poleward shifts of an auroral
arc, accompanied by a rapid broadening of a bright diffuse
luminosity over all azimuths. Structured forms that belong
to different substorm phases appear in the television camera
ﬁeld of view.
Hoffman et al. (2010) compared the optical signatures
of substorms that occurred during the development of the
mainphaseofmagneticstorms(disturbedormulti-cyclesub-
storms) with the optical signatures of isolated substorms as
deﬁnedbyAkasofu(1964a).Fortheselectionofsubstormin-
tervalstheyusedonlyopticalobservationsofthePolarspace-
craft in the far ultraviolet (124–149nm), supplemented by
557.7nm visible images. Auroral disturbances were identi-
ﬁed as isolated substorms according to the following optical
characteristics:
1. an emission region (bulge) arises in latitudes outside the
auroral oval;
2. the presence of a bifurcation, separating the bulge au-
rora from the oval, and also of a surge on the head of
the bulge;
3. an auroral oval offset to the east in MLT from the bulge
aurora.
Within the years 1997–1999, a total of 116 isolated sub-
storms were identiﬁed and included in the subsequent analy-
sis. For the same interval, 54 events of multi-cycle substorms
during 16 magnetic storms were identiﬁed. The intensity of
the storms amounted to SymH (Symmetric H) index values
(equivalent to the Dst index) between −60 and −120nT.
The selection of events was based on following optical
characteristics that could be identiﬁed in the Polar images:
1. an onset during the main phase of the selected storm
2. an onset distinguishable from any existing auroras
3. a brightening of the aurora and its spatial expansion
4. a new event distinguished from an ongoing event.
The characteristics ofauroral activityduring multi-cyclesub-
storms are very dissimilar to those of isolated substorms. The
differences between these two substorm types comprise:
1. multi-cycle substorms commence at lower latitudes and
later in local time;
2. they have a shorter expansive phase and a large inten-
sity;
3. they develop neither a surge/bulge nor a bifurcation;
4. the area of auroral luminosity broadens mainly equator-
ward, and only slightly poleward;
5. the broadening auroral region drifts eastward;
6. the variations in shapes and sizes are much larger for
multi-cycle substorms in contrast to isolated substorms.
Hoffman et al. (2010) relate the speciﬁed differences be-
tween the two substorm types to the intensiﬁcations of the
large-scale current system and the electric ﬁeld of magne-
tospheric convection as well as to the restructuring of the
plasma domains in the nightside magnetosphere during mag-
netic storms, to the more intense electron precipitations, and
to the enhanced integrated conductivity of the ionosphere.
The most signiﬁcant differences of the two substorm types
are the lack of surges/bulges and bifurcations in multi-cycle
substorms. The absence of these substorm characteristics is
interpreted by Hoffman et al. (2010) as a direct evidence for
a changed 3-D current system during magnetic storm inter-
vals that connects the magnetosphere and ionosphere. This
comprises, in particular, the existence of a substorm current
wedge that forms the ionospheric part of the FAC system.
The Hall current system should therefore change, resulting
in variations of the magnetic ﬁeld at Earth’s surface and in
the ionosphere.
7.2 Behaviour of the discrete auroral forms
The appearance of magnetospheric disturbances is related
to active processes at the sun. A signiﬁcant amount of en-
ergy derived from the solar wind–magnetosphere interaction
and stored within Earth’s magnetosphere is deposited in the
auroral ionosphere and in the magnetosphere during sub-
storm processes (Rostoker et al., 1980). Usually substorms
are preceded by a southward turning of the IMF, i.e. the
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BIMF
z component becomes negative (Rostoker and Fältham-
mar, 1967; Fairﬁeld, 1967; Foster et al., 1971; Iijima and
Nagata, 1972). However, substorms are at times also ob-
served during quiet periods with positive BIMF
z (Akasofu
et al., 1973). Lee et al. (2010) report on several substorms ob-
served under positive BIMF
z conditions, the intensity of which
was at least as signiﬁcant as that of typical substorms under
moderate negative BIMF
z . These substorms occurred during
the recovery phase of intense magnetic storms. Their occur-
rence is caused by energy dissipation, which was previously
stored in the magnetospheric tail during the main phase of
storms.
The occurrence of substorms during positive BIMF
z is an
evidence of the fact that the beginning of substorm devel-
opment phases is determined by processes, which proceed
within the magnetospheric tail. Negative BIMF
z is not always
a necessary condition for triggering mechanisms. Further, it
was shown that the processes of substorm generation and
their intensity are controlled by the whole set of the inter-
planetary medium parameters, such as the IMF magnitude
and orientation, the solar wind velocity and density, and so
forth (Perreault and Akasofu, 1978; Kan and Lee, 1979). A
nearly universal solar wind–magnetosphere coupling func-
tion was offered by Newell et al. (2007).
Inasmuch as the interaction processes between the solar
wind and Earth’s magnetosphere take place ﬁrst of all at the
dayside magnetopause, it is the dayside aurora that reacts
ﬁrst on any change of the conditions in the interplanetary
medium. Vorobjev et al. (1975, 1976b) were the ﬁrst who
carried out a detailed analysis of the dayside discrete auroral
formsduringperiodsofsubstorms.Theyalsostudiedconcur-
rently the dynamics of the dayside auroras according to ob-
servations of the Pyramida station (PYR, 80 = 74.8◦, MLT
= UT+2.5) and the nightside auroras with observations from
the eastern part of Russia and from Alaska during the IGY.
Figure 22 illustrates typical auroral behaviour using the ex-
ample of a substorm during the interval 08:00–13:00UT on
18 December 1957 (Vorobjev et al., 1976b). The positions
of the various auroral forms along the geomagnetic meridian
were obtained every minute from all-sky cameras under the
assumption that the auroral heights were at 150 and 110km
on the dayside and nightside, respectively. Lines connect in
each case one and the same discrete auroral form. The night-
side auroras were obtained from observations at the stations
Wrangel Island (WRI, 80 = 66.6◦ N, MLT = UT+10.5) and
College (COL, 80 = 64.9◦ N, MLT=UT+12.4). In order to
eliminate the auroral movements associated with Earth’s ro-
tation under the oval, positions of daytime auroras (Fig. 22b)
were determined from the oval centre for a mean magnetic
activity level of Q=4. Figure 22a shows the daytime auro-
ral intensity in arbitrary units integrated over the whole sky.
The onset time of substorm expansive phase (T0) near
11:00UT manifested by the sharp intensiﬁcation of night-
time auroras and the beginning of their poleward movement
is denoted by an arrow and a vertical dashed line. A pro-
Figure 22. Dynamics of the daytime (station Pyramida, PYR) and
nighttime (stations Wrangel Island, WRI, and College, COL) au-
rorae on 18 December 1957: (a) the daytime auroras’ brightness
in arbitrary units; (b) and (c) the auroras’ development versus
UT over daytime and nighttime stations, respectively. Horizontal
dashed lines are the zenith of the observatories. The positions of
homogeneous arcs are shown by solid lines; that of rayed ones by
herringbone, and the diffuse luminosity by dots (Vorobjev et al.,
1976b).
nounced equatorward displacement of dayside auroras was
observed before T0. The beginning of this equatorward shift
(T1) at about 09:35UT, i. e., about 85min before T0, is like-
wise indicated in the ﬁgure by an arrow and a dashed line.
The dayside auroral arcs moved poleward, however, each
subsequent arc appeared more equatorward than the previ-
ous one.
The interval T1–T0 is discussed by Vorobjev et al. (1976b)
as a substorm creation (growth) phase. At the nightside just
after T1, the appearance of a homogeneous auroral arc was
observed, which moved gradually equatorward up to T0. The
beginning of the creation phase was accompanied by a sig-
niﬁcantdaysideauroralintensityincrease(Fig.22a).Another
increase of dayside aurora brightness was observed just after
T0. Earlier the dayside aurora intensity increases before and
just after the substorm onset time as discovered by Starkov
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et al. (1973). Near the T0 moment, Fig. 22a shows a fading
of the dayside aurora. This fading of the dayside aurora just
prior to the substorm onset was studied in more detail by
Vorobjev et al. (1992).
The equatorward displacement of the dayside auroral re-
gion is closely related to the southward turning of the BIMF
z
component(Vorobjevetal.,1976b,1988b;HorwitzandAka-
sofu, 1977; Sandholt et al., 1983). The beginning of this
dayside auroral displacement has a time lag of 10–15min
with respect to the BIMF
z component turning (Vorobjev et al.,
1976b). Considering this circumstance, the interval T1–T0
corresponds to the time where a negative BIMF
z component
exists prior to the onset of the substorm and, therefore, to
the time of energy storage in the magnetospheric tail. The
paper of Vorobjev et al. (1976b) considers 14 individual sub-
storms. According to this modest statistics, the average du-
ration T1–T0 amounts to 50min, during which the dayside
aurora moves by 4◦ on average toward the Equator.
The movement of the nightside discrete auroral forms has
been described by many researchers. But only the auroral ob-
servations by means of ASCs during the IGY allowed Aka-
sofu (1964a) to generalise the movement of the auroral struc-
tures. This composed scheme is reproduced in Fig. 20 and
a large number of publications address the detailed descrip-
tion of the dynamics of discrete auroral forms during sub-
storms (see, e.g. Akasofu, 1965). This scheme endured ex-
amination over times and was conﬁrmed by records of the
auroral dynamics both from ground-based observations and
from the satellites ISIS (Anger et al., 1973), Dynamics Ex-
plorer (Frank et al., 1982), Viking (Cogger et al., 1988), and
others with UV imagers on board.
Starkov et al. (1971) considered the movement of discrete
forms with data of a large number of auroral substorms,
originating in the evening–nighttime sector after long-lasting
magnetically quiet intervals. They used observations of a
meridional ASC chain during the IQSY. Figure 23 shows as
an example the movements of auroral forms based on the
analysisofASCrecordsinCapeChelyuskin(80 = 71.2◦)for
the substorm of 17 December 1965. Figure 23b presents the
H component variations of the geomagnetic ﬁeld obtained
there and Fig. 23c shows the magnitude and direction of the
movement of auroral forms. Velocities larger than 1.8kms−1
are hallmarked by arrows.
The geomagnetic ﬁeld at the observatories’ locations
was quiet or only slightly disturbed between 14:30 and
15:35UT, although the discrete auroral forms moved quite
rapidly southward, which is typical for the creation phase of
an auroral substorm. Magnetic disturbances commenced at
15:35UT, accompanied by a rapid shift of the auroral arc to-
ward the pole, which is characteristic for the beginning of the
substorm expansion phase. This was also accompanied by an
increasing brightness and expansion of the auroral area. A
ceasing poleward movement of the active auroral arc, its de-
creasing intensity and the diminishing auroral area indicated
Figure 23. Development of an auroral substorm over Cape
Chelyuskin on 17 December 1965: (a) dynamics of the auroral
forms, (b) variation of the geomagnetic H component, and (c) mag-
nitude and direction of the auroras’ velocity, where the arrows show
velocities beyond threshold (Starkov and Feldstein, 1971b).
the end of the active phase and the begin of the recovery
phase (16:40UT).
The distance of the auroral oval’s equatorial bound-
ary from the pole increases during the substorm creation
(growth) phase at all local times (cf. Fig. 21) and the dis-
crete auroral forms disappear within the polar cap. In the
afternoon–evening sector, where usually one to three auro-
ral arcs exist, an increasing equatorward movement of the
discrete forms is clearly seen. Usually the whole oval moves
equatorward, not only its equatorward part. During a typi-
cal substorm with a moderate intensiﬁcation of the auroral
luminosity, the nighttime sector of the oval moves equator-
ward by about ∼5◦ down to 80 ∼65◦. Such a movement ex-
plains why the active phase starts during nighttime hours of
the schemes in Figs. 20 and 21 just at this magnetic latitude.
Situations, where substorms occur without a distinct cre-
ation phase, are possible. This can occur if discrete auroral
forms in the nighttime sector are still kept there from the pre-
vious recovery phase.
Snyder and Akasofu (1972) studied the movement of
discrete auroral forms using observations of a meridional
chain of ASC’s in the western hemisphere (76◦ > 8 >65◦).
The discrete forms of the evening sector move regularly
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equatorward at ∼0.7◦ h−1 during quiet geomagnetic condi-
tions due to their position along the oval. Prior to the start of
the active substorm phase, the velocity of the arc’s movement
increases up to ∼4.0◦ h−1. Such an increase is characteristic
for the creation phase. The velocity of the equatorward au-
roral motion may have the same magnitude as the velocity
of the subsequent poleward expansion. The clearly observ-
able systematic equatorward motion of the discrete auroral
forms in the evening hours is brought about by two causes:
the rotation of Earth under the auroral oval that is asymmet-
ric withrespect tothe geomagnetic poleand the movement of
discrete forms within the oval. The velocity of the arc’s mo-
tion due to Earth’s rotation is ∼1◦ in latitude for 1h and the
relative motion within the oval amounts to ∼5◦ (Feldstein,
1974; Feldstein et al., 2011). Up to ∼1h before the start of
the active substorm phase, an intensiﬁcation of the magneto-
spheric dawn–dusk electric ﬁeld takes place. This apparently
supports the earthward approach of the central plasma sheet,
which projects along the magnetic ﬁeld lines to the nighttime
sector of the auroral oval.
The creation phase of isolated substorms ﬁnishes usually
with one single arc in the sector around midnight. The start
of the expansion phase (T0) is determined as the moment of
a sudden brightening of this arc in a wide longitudinal range
(Figs. 20, 21). A splitting into ﬂashing arcs (or the appear-
ance of new arcs) takes place within a few minutes, which
are violently moving poleward with a somehow more intense
luminosity in the poleward part. An auroral bulge is devel-
oping with discrete forms that propagate rapidly poleward,
westward (travelling surge) and eastward ( band). The most
intense luminosity is observed at the poleward border within
the bulge. A somehow weaker arc remains at the place of the
primary arc, which moves equatorward. The resulting bright
area in the nighttime sector that is framed by discrete auroral
forms extends both poleward and equatorward and comprises
the maximum of the expansion phase ∼12◦ in latitude.
The development of a new substorm can commence even
under the presence of discrete forms that were kept there
from the previous disturbance. During such situations in the
expansion phase, the equatorward arc is the most active and
most rapidly moving portion of the auroral oval (Akasofu
et al., 2010). The poleward arcs do not play an active role
for the substorm development and are absorbed by the pole-
ward moving auroral bulge. Hence, although the start of the
expansion phase is related to the equatorward arc, the most
active band for the substorm development is located at the
high-latitude poleward boundary of the bulge.
Based on event and statistical analyses of THEMIS all-sky
imager data, Nishimura et al. (2010) showed that there ex-
ist qualitatively different sequences of events leading to the
substorm onset. Such sequences are initiated by a poleward
boundary intensiﬁcation (PBI) and followed by a north–
south arc moving equatorward toward the onset latitude.
PBIs have been related to enhanced ﬂows that carry plasma
across the nightside separatrix (De La Beaujardiere et al.,
1994) into the plasma sheet. Some PBIs develop into equa-
torward moving auroral arcs with roughly north–south ori-
entation, also called “auroral streamers” (e.g. Sergeev et al.,
1999). Because of this linkage, the results of Nishimura et al.
(2010) indicate that substorm onsets are preceded by en-
hanced earthward plasma ﬂows associated with an enhanced
reconnection near the pre-existing open–closed ﬁeld line
boundary. The auroral observations indicate that the earth-
ward transport of the new plasma lead to a near-Earth insta-
bility and an auroral breakup ∼5min after PBI formation.
Auroral FUV images from satellites, which cover the
whole high-latitude region, allowed determining the aver-
age MLat (deg) and MLT (h) positions, where the sub-
storm’s active phase usually commences. These coordinates
of the auroral onset location was determined from the Viking
satellite at 65.8◦ MLat and 22.8MLT (Henderson and Mur-
phree, 1995), from the IMAGE satellite at 66.1◦ MLat and
22.9MLT (Frey et al., 2004), and from the Polar satellite at
66.3◦ MLat and 22.9MLT (Liou, 2010). The distributions of
onset locations are near Gaussian with standard deviations of
2.2◦ in latitude and 1.1h in MLT, which quite satisfactorily
agrees with the coordinates of the auroral substorm onsets as
shown in Figs. 20 and 21.
The comprehension of auroral processes around the ex-
pansion phase onsets was improved with a series of fur-
ther studies. Thus Elphinstone et al. (1995) analysed multi-
instrument data sets from the ground and from satellites.
Analysing 37 substorm events, where 26 of them were in
a state prior to the explosive poleward auroral motion, they
found the simultaneous occurrence of magnetic ﬁeld Pi1
pulsations and azimuthally spaced auroral forms (AAF).
The AAF elongations ranged from 132 to 583km, their
average onset coordinates were at 63.8◦ ±3.3◦ MLat and
22.9±1.1MLT. AAF onsets occur during periods when the
solar wind pressure is relatively high. The appearance of
AAFs prior to the moment T0 led to the conclusion that they
are part of the creation phase activity. Based on observa-
tions from a comprehensive network of ground geomagnetic
stations, Rae et al. (2009) identiﬁed the location of an epi-
centre for the generation of Pi1 magnetic pulsations, which
appeared ∼2.5min prior to the development of the auroral
bulge. This epicentre is collocated with the region where spa-
tially localised, latitudinally narrow small-scale (∼70km)
undulations develop on a faint isolated arc. This arc is lo-
cated equatorward of the preexisting discrete auroral arcs.
The poleward discrete arc is spatially distinct from the dy-
namic auroral activity, which originated in the epicentre of
magnetic disturbances. A subsequent analysis of the frequen-
cies of the magnetic oscillations, their spatial scales, and the
growth rates of auroral forms resulted in the ﬁnding, that the
onset phase of the substorm is most likely triggered close to
the inner edge of the ion plasma sheet (Rae et al., 2010).
Sometimes substorm-like disturbances develop at night-
side oval latitudes, which exhibit auroral activations with-
out a clearly developed expansion phase. These events are
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characterised as pseudo-breakups (Koskinen et al., 1993;
Nakamura et al., 1994). The dynamics of auroral pseudo-
breakup structures, their relation to the plasma processes in
the magnetospheric tail and at the geostationary orbit were
considered by Yahnin et al. (2001). They assumed that the
main difference between substorms and pseudo-breakup ac-
tivations consistsin the different level of particle energisation
within the magnetotail and in the auroral acceleration region.
Sergeev and Yahnin (1979a) described events where the
auroral bulge was created by continuous deformations of
auroral arcs, whose intensity steeply increased at substorm
onset. Such forms of auroral activity result directly from
the scheme of Akasofu (1964a). Analysing similar events,
Sergeev and Yahnin (1978, 1979a) have concluded that in
all cases the magnitude of magnetic disturbances in the au-
roral zone and the degree of the auroral bulge development
were insigniﬁcant (∼−100nT and 1–2◦ of latitude, corre-
spondingly). The authors argued that the bulge development
during intense substorms and microsubstorms have different
patterns or types. Using all-sky camera observations from
a dense network of stations and riometer data to examine
the bulge development, they found out that large expansions
emerge generally from new bright arc formations poleward
of the expanding bulge.
Figure 24 shows an example of an auroral expansion dur-
ing the substorm of 13 February 1958 (Sergeev and Yahnin,
1979a). The position of regular auroral structures on the ge-
omagnetic meridians of Point Barrow (80 = 69.9◦) and Fort
Yukon (80 = 67.0◦) as it is seen in the ﬁeld of view with a
radius of 400km are plotted here by solid lines. The height
of auroral forms was assumed to be 110km. The vertical bars
indicate extended bright regions, where it was impossible to
distinguish more ﬁne structures from the ascaﬁlms. The de-
velopment of the auroral bulge is realised by formation of
new arcs in a poleward distance of 50–100km from already
existing auroral structures, as can be seen in Fig. 24. The
study of a large number of such events showed the existence
of discrete steps in the development of an expanding bulge,
which are separated from each other by about 1–3min.
A multiplicity of examples for the step-like development
of the expanding bulge can be found in the literature. So,
Lassen et al. (1977) have examined a big substorm during
which an auroral bulge displacement of 9◦ MLat was ob-
served. The authors wrote that new auroral arcs were formed
poleward of the pre-existent bright edge of the auroral bulge.
Akasofu (1972d) pointed out that the formation of new arcs
at the front of the expanding bulge is a typical phenomenon
for the expansion in the pre-midnight sector. A similar de-
scription of the pre- and after-midnight events can be found
in the papers of Akasofu et al. (1965), Oguti (1975) and oth-
ers.
The moments of new arc formations can be traced also
in other geophysical data. Such observational moments are,
e.g. the increase of riometer absorption and changes in the
regime of Pi2 pulsations (with respect to phase, polarisation,
Figure 24. Distribution of discrete auroras at Fort Yukon and
Point Barrow meridians during the substorm on 13 February 1958
(Sergeev and Yahnin, 1979c).
or amplitude) at high and midlatitudes (Sergeev and Yahnin,
1978, 1979a). During each new arc formation impulsive ac-
celeration and precipitation of energetic electrons takes place
and brief changes of plasma sheet geometry are sometimes
observed at 18Re in the magnetotail (Sergeev and Yahnin,
1979a).
Simultaneous observations of the Double Star, Cluster,
Geotail and ﬁve geostationary LANL satellites revealed ac-
cordingtoSauvaudetal.(2012)thatthedynamicsofchanges
in the plasma sheet and of the geomagnetic ﬁeld in the mag-
netospheric tail repeats every 2–4h. The analysis of these
results allowed determining the approximate location in the
tail where the dipolarisations are initiated and the propa-
gation direction of the disturbances. Each substorm com-
plies with an energy-loading period, which is then followed
by a dipolarisation at geocentric distances between 11 and
18 RE. Plasma sheet thinning inside 12 RE occurs during
the energy loading and is even enhanced during the on-
set of strong dissipations of magnetic energy. They precede
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the plasma particle injections at the geostationary orbit of
6.6 RE. Sauvaud et al. (2012) showed that the onset of the
magnetic energy conversion occurs at a tailward distance
of 10–11 RE and propagates then both toward the Earth
and toward the distant magnetospheric tail. According to
Pudovkin et al. (1991), the creation phase is dominated by an
enhancement of the dawn–dusk electric ﬁeld, magnetic ﬁeld
stretching, and plasma sheet thinning. The initial expansion
phase activity is characterised by magnetic ﬁeld dipolarisa-
tions.
Substorms have their maximum latitudinal extent of the
auroral expansion usually at the end of the expansion phase
and during the beginning of the recovery phase. Processes of
restoring the auroral distribution proceed during the recovery
phase resulting in the initial pre-substorm state. The disinte-
gration of structured forms on the nightside to diffuse auroras
is a characteristic attribute of the auroral distribution accord-
ing to Fig. 21 during the expansion and recovery phases of
a substorm. The discrete forms vanish in the central part of
the oval, while being preserved at its borders. Such regions
of diffuse aurora are clearly seen at ASC images (Feldstein,
1972) and MSP (meridian scanning photometer) data (Aka-
sofu et al., 2010) as dark areas during the expansion and re-
covery phases. This phenomenon is known as “double oval”.
It was studied in detail by Elphinstone et al. (1995). The dis-
crete forms at the equatorward and poleward boundaries of
theauroralovalcanoccurquiteindependentlywithrespectto
both appearance and intensity. They map along the magnetic
ﬁeld lines into different regions of the central plasma sheet
of the magnetospheric tail. The double oval is observed only
during expansion and recovery phases, but it is not character-
istic for the creation phase, as it was summarised by Akasofu
et al. (2010).
The motions of auroral forms and its velocity during var-
ious substorm phases were found out by Feldstein et al.
(1971) for the evening–nighttime interval. Vorobjev et al.
(1976b) determined separately the velocities of the arcs in
different local time sectors for three substorm phases. They
eliminated the shift of discrete auroral forms due to Earth’s
rotation under the auroral oval.
Feldstein et al. (1971) assembled histograms of meridional
velocities for the various auroral forms. The quiet period pre-
ceding the moment T0 (creation phase) is most often char-
acterised by aurora velocities around ∼180ms−1 with a
strong dominance of equatorward motions. The number of
fast motions of auroral forms increases with the start of the
expansion phase both poleward and equatorward with pre-
vailing velocities in the range of 300–600ms−1. A strong
increase is recorded in the number of poleward motions of
500–750ms−1. Alongside with these motions, in particular
within the high-latitude part of the oval, a few auroral forms
move equatorward. Two maxima are formed within the his-
togram range ±250–500ms−1 due to motions with oppo-
site directions. This opposite motion of arcs during the active
phase of substorms is obviously caused by the simultaneous
occurrenceoftwodifferentprocesseswithintheplasmasheet
of the magnetospheric tail: plasma motion toward Earth un-
der the inﬂuence of the dawn–dusk electric ﬁeld (equator-
ward motion of the arcs) and activation of new regions in
the periphery of the plasma sheet (poleward motion of the
arcs). The average velocity of the discrete forms diminishes
to about 200ms−1 during the recovery phase with a domi-
nance of the equatorward motion.
The histogram of meridional velocities of discrete auro-
ral forms according to Vorobjev et al. (1976b) is shown
in Fig. 25. The mean velocities and the total number of
events are indicated for each distribution. The creation
phase is characterised by an equatorward shift of the au-
roral oval during daytime (09:00–15:00MLT) and evening
hours (15:00–21:00MLT), but individual forms within the
auroral region move poleward with an average velocity of
∼230ms−1 northward during daytime hours and southward
during the evening. Southward motion of about the same ve-
locity dominates during nighttime and morning hours. The
daytime forms drift poleward with an average velocity of
∼300–330ms−1 during the expansion and recovery phases.
Individual forms move both poleward and equatorward in
the evening sector with average velocities of ∼160ms−1
during the expansion phase, but during the recovery phase,
in contrast to this, poleward at ∼200ms−1. The average
velocity of discrete forms increases sharply during the ex-
pansion phase in the midnight hours in poleward direction,
while equatorward motions are maintained at a remarkable
level (up to 370ms−1). Velocities of ∼300ms−1 are no-
ticed in the morning hours during the expansion and recovery
phases of substorms, which are both poleward and equator-
ward. Based on the velocity histograms of discrete auroral
forms, Vorobjev et al. (1976b) proposed a scheme of iono-
spheric convection during the creation and recovery phases
of substorms.
The use of the television technique became an important
tool for auroral observations during recent years. It allows
the recording of very faint, even subvisual emissions. Ef-
fective methods of ﬁltering the television images were used
for the data analysis, which even enable the study of ﬁne
structures and the auroral dynamics during substorms. In this
way Kornilova et al. (2006) investigated the structure, dy-
namics, and correlation of auroral intensiﬁcations within the
high-latitude and low-latitude boundaries of the auroral oval
during substorm intervals. Kornilova et al. (2008) examined
with 60 auroral substorms the relation between auroral ac-
tivity in the different parts of the auroral oval near the on-
set of the substorm expansion phase. Kornilova and Kornilov
(2012),ﬁnally,describedtheconcurrentexistenceofequator-
ward drifting structures in the pole-side part of the nighttime
auroral oval and poleward drifting of bright auroral forms
in the equator-side part. The repetitive equatorward moving
auroral forms between the two branches of the double-oval
conﬁguration were examined also by Sergeev et al. (1999),
Sandholt et al. (2002b), Nishimura et al. (2010), and others.
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Figure 25. Distribution of meridional velocities of individual auroral forms in the daytime (a), evening (b), midnight (c), and morning
sectors (d) of the auroral oval for different substorm phases (Vorobjev et al., 1976b). VS and VN represent the mean values of southward and
northward arc velocities, respectively, and n is the number of events.
These auroral forms are now widely referred to as “auroral
streamers” (Sergeev et al., 1999) and are explained in terms
of bursty bulk ﬂows (BBFs) in the plasma sheet (see, e.g.
Sergeev et al., 2004).
7.3 Fine structure of substorms
In Sect. 7.2 the large-scale activation of auroras during sub-
storms was described, which comprises a considerable lon-
gitudinal sector on the nightside. But the detailed compari-
son of magnetic ﬂuctuations observed in the magnetospheric
tail with magnetic disturbances at Earth’s surface during sub-
storms has shown that only a longitudinally conﬁned sec-
tor of the magnetotail is affected during any given quasi-
periodic intensiﬁcation of a substorm. Rostoker and Camide
(1971) suggested that the magnetotail’s magnetic ﬁeld con-
ﬁguration may become even more tail-like, since a conﬁned
portion of the tail ﬁeld is collapsing to a more dipolar con-
ﬁguration during periods of substorm activity intensiﬁcation.
From a statistical study of 500–1000keV electrons at syn-
chronous orbit, Lezniak and Winckler (1970) concluded that
near local midnight there exists a “fault line”, west of which
substorms are accompanied by geomagnetic ﬁeld lines in-
ﬂation and east of which they are accompanied by collapse.
The collapse is an inward convective surge of ﬁeld lines with
an average convective velocity estimated at 0.5Re min−1.
Substorm-associated geomagnetic ﬁeld line collapses on the
nightside of the magnetosphere are always accompanied by
50–150keV electron accelerations. A collapse occurs in the
local time interval of 22:00–06:00MLT with a typical longi-
tudinal extent of the collapsing region estimated to be about
40◦.
With satellite observations in the 1970s and 1980s it was
difﬁcult to assemble large-scale pictures of the above men-
tioned phenomena, because the satellites provided informa-
tion about the corpuscular precipitations and the auroras only
inalimitedregionaroundtheiractualpositionandfornarrow
time intervals. However, for the recognition of ﬁne structures
in the substorm development it was necessary to use simul-
taneous information from a sufﬁciently extended region of
longitudes. The azimuthal conﬁnement of the disturbance re-
gion in the magnetosphere and the quasi-periodic character
of their appearance should impress the peculiarities of sub-
stormdevelopmentintheauroras,whichcouldbetracedwith
a sufﬁciently dense network of all-sky cameras in longitudi-
naldirectionasitwasdeployedduringtheIGY(1957–1958).
Vorobjev and Rezhenov (1975) considered in detail the de-
velopment of ﬁve auroral substorms.
Figures 26 and 27 show as an example the auroral dynam-
ics during a substorm on 6 December 1958. Figure 26 illus-
trates the development of the auroral substorm as observed
with all-sky cameras from the stations Dixon Island (80 =
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Figure 26. (a) Development of the auroral substorm on 6 De-
cember 1958 from Dixon Island, Kazachye, and College ascaﬁlms.
(b) Magnetic ﬁeld H component records from Murmansk, Heiss Is-
land, Dixon Island, Cape Chelyuskin, Tixie Bay, and Point Barrow
(Vorobjev and Rezhenov, 1975).
67.9◦), Kazachye (80 = 64.4◦), and College (80 = 64.9◦).
The locations of auroras along the magnetic meridian of the
stations were determined every minute with the assumption
that the luminous height was 110km. The solid lines rep-
resent the position and continuity of discrete auroral forms,
while the dots indicate the approximate location of diffuse
auroras. The luminous regions (hatched vertically) are shown
for College (COL). The H component of magnetic records
from several auroral zone stations are shown on the right-
hand side of Fig. 26.
Figure 27 shows aurora distribution maps for the same
substorm as in Fig. 26 in coordinates of corrected geomag-
netic latitude (CGL) versus MLT. The position of the auroral
oval is notiﬁed there for a medium level of magnetic activity
Q=4 (Feldstein and Starkov, 1967a) as well as the position
of all stations used. The ﬁeld of view of the cameras is shown
by circles with a radius of about 500km.
An auroral substorm occurred at about 13:05UT with
a fairly well-deﬁned auroral expansion in College and
Kazachye, preceded by some magnetic activity. About
20–40min before the substorm onset, an increase of the
equatorward drift of the auroral forms was observed at these
stations. The position of discrete forms prior to the sub-
storm onset is shown in Fig. 27 at 13:00UT. The poleward
expansion of the nighttime auroral forms appeared shortly
after 13:05UT and coincided well with the sharp increase
of the magnetic disturbances in the H component. At this
time the discrete forms over the evening sector near Dixon
Island drifted generally equatorward inside the statistical
auroral oval. The position of the active aurora region is
shown as a hatched area in Fig. 27 at 13:15UT. The west-
ward edge of the active aurora region is localised at about
20:00–21:00MLT and denoted by a dashed line.
The recovery phase in the nighttime sector and a large
equatorward shift of the evening-side auroras occurred si-
multaneously about 15min after the substorm onset. A rapid
southward shift of the aurora was observed in the regions
over the stations Kazachye and Dixon Island. A recovery of
the magnetic H component is observed at the station Point
Barrow. The auroral position at the end of the recovery phase
is shown in Fig. 27 at 13:25UT.
At 13:30UT, i.e. 25min after the substorm onset, the
arc south of Dixon Island suddenly ﬂashes up and starts to
move rapidly poleward. Simultaneously the auroral luminos-
ity above Kazachye and College intensiﬁes. The area of the
auroral luminosity broadens both poleward and equatorward.
This auroral intensiﬁcation coincides with a new, abrupt re-
duction in the H component of the magnetic ﬁeld as observed
at Point Barrow. The location of the newly formed active au-
roraregionisshown inFig.27at13:40UT.Thewesternedge
of this region is situated between the stations Dixon Island
and Heiss Island, i.e. at about 17:00MLT. The aurora has not
been recorded neither in Heiss Island at the very centre of the
statistical oval nor in the station Murmansk southward of it.
In this way the substorm considered consists of two acti-
vations (microsubstorms), in the course of which the active
auroral region shifts abruptly westward by about 30◦. Out
of ﬁve substorms investigated by Vorobjev and Rezhenov
(1975), two activations were observed in three of them, three
and four activations in each one of the others.
Generalising these observations, Vorobjev and Rezhenov
(1975) proposed a schematic for the development of auro-
ral active regions as shown in Fig. 28. The model variation
of the magnetic ﬁeld H component at stations in the mid-
night sector of the auroral zone is shown in the bottom part
of this ﬁgure. Abrupt reductions of the magnetic ﬁeld are la-
belled as the moments T0, T1, and T2. These reductions in
the H component correspond to the sequence of activations
in longitudinally limited parts of the oval. The character of
the changes during each of these activations agrees gener-
ally with the conception of auroral substorm development by
Akasofu (1964a). The activity starts to develop at the time
T0 in the midnight sector of the oval. In the course of the
activation, the auroral bulge develops, the western edge of
which is located within 20:00–22:00MLT. Subsequent au-
roral activations (the moments T1 and T2) are accompanied
with jump-like shifts of the western edge of the active aurora
region by 30–50◦ in longitude toward earlier local times up
to 16:00MLT.
The western edge of developing auroral bulges is sufﬁ-
ciently well formed. During the expansive phase one ob-
serves only a small shift of it toward the evening side without
any westward travelling surge formation. During the recov-
ery phase, however, which usually starts 20–30min after the
moments T0, T1, and T2, the auroral bulges decrease and their
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Figure 27. Auroral distribution maps during the substorm on 6 De-
cember 1958. Boundaries of the Q=4 statistical auroral oval are
shown by solid lines (Vorobjev and Rezhenov, 1975).
western edge shifts eastward. Often the recovery is accompa-
nied by an emergence of wrinkles in the auroras which move
eastward.
About 20–60min prior to T0, in the midnight sector of the
oval, there starts either an intense equatorward movement of
the arcs or a rapid shift of the southern auroral border to-
ward the Equator. Such movements are typical for the growth
phase of substorms as reported by Ivliev et al. (1970), Feld-
stein and Starkov (1970a), Starkov and Feldstein (1971a),
and Snyder and Akasofu (1972). It might be interesting to
note that such phenomena are also observed prior to the mo-
ments T1 and T2 in those regions of the oval, where the ac-
tivity subsequently develops.
Such a scheme presumes a series of jump-like relocations
of the westward electrojet in westward direction (or the for-
mation of new ones) and a corresponding shift of the acti-
vation region in the magnetospheric tail, which would agree
with the results of Rostoker and Camide (1971). Kisabeth
and Rostoker (1971) and Rostoker (1974) showed the de-
velopment of two parallel electrojets, where the equator-
ward one developed ﬁrst, while the poleward one appeared
15–20min later and was also displaced westward.
SergeevandYahnin(1979a,b)haveusedsimultaneousall-
sky camera observations from eastern Siberia, Alaska and
Canada to examine in detail the substorm expansive phase
signatures. They discovered that the development of the au-
roral expansion consists of a series of localised expansions
(usually ∼40◦ in longitude), which unfold in different MLT
Figure 28. The summary scheme of an auroral substorm devel-
opment and a magnetic ﬁeld H component model (Vorobjev and
Rezhenov, 1975).
sectors. The authors demonstrated that a subsequent activa-
tion has to occur westward of the preceding, but a jump-like
broadening of the active aurora region in the eastward direc-
tion is likewise possible. Each of these activations possesses
all attributes of a substorm expansion phase: (a) fast pole-
ward expansion of the auroral bulge; and (b) activation of the
westward electrojet; (c) increase of the H component of the
magnetic ﬁeld at lower latitudes of the corresponding MLT
sector; (d) excitation of Pi2 pulsations (Pytte et al., 1976a;
Sergeev, 1977a; Sergeev and Yahnin, 1979b), which led to
the term “microsubstorm” for these activations.
Microstructures within substorms are not a rarity. In fact,
the majority of disturbances which can be classiﬁed as a sub-
storm reveal microstructures when they are investigated in
detail. The existence of microsubstorms has been reliably
conﬁrmed by observations with magnetospheric satellites.
Sergeev (1974, 1977b) and Pytte et al. (1976b) showed that
typical signatures of the substorm expansive phase are lo-
calised in the magnetosphere along the Y direction and series
of activations occurred in different intervals of 1Y. These
authors noted that it is typical for the nightside magneto-
sphere that “butterﬂy-like” pitch-angle distributions of elec-
trons change to isotropic ones just after substorm and micro-
substorm onsets. The period of isotropisation lasts thereby
usually 5–10min. Later on up to the beginning of a following
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microsubstorm, a recovery to the quiet-time pitch-angle dis-
tribution was observed. Thus, it is possible to claim that typi-
calsubstormexpansivephaseslastabout5–10min,including
a fast poleward expansion of bright auroras and an insignif-
icant growth of ﬁeld-aligned current intensity. Furthermore,
Sergeev (1974) emphasised that in such events the deﬁnition
of substorm phases for the whole magnetosphere is ambigu-
ous, because features that are typical for different phases can
occur in different parts of the magnetosphere simultaneously.
8 Structure and dynamics of auroras during intervals
of steady magnetospheric convection
The relations between plasma convection and the position
of discrete auroral forms are quite complicated. The chal-
lenges are related to difﬁculties in determining the azimuthal
movement of elongated auroral forms and their velocity ac-
cording to photographic images of the S-180 camera and to
the MLT dependence of the auroral motion’s characteristics.
Thedirectionandmagnitudeoftheauroralmovementismost
concisely determined in the daytime and the nighttime sec-
tors, where the discrete forms move mainly in meridional
direction. Figure 29 shows a scheme of ionospheric con-
vection, which was deduced from observations of discrete
form motions during creation (on the left side) and recov-
ery phases (right side) (Vorobjev et al., 1976b). This scheme
was obtained under the assumption that the direction of au-
roral motion coincides with the direction of the convection.
The motion is indicated by arrows within the correspond-
ing MLT sectors. Usually additional independent data of the
ionospheric convection are used for the determination of the
convection’s direction and its relation to the auroras in the
dawn and dusk sectors. In this way Sandholt and Farrugia
(2007) consulted measurements of ionospheric plasma drift
by SuperDARN radars, while Feldstein et al. (2001) consid-
ered electric ﬁeld measurements on board of the Viking satel-
lite. The auroral oval and the diffuse luminosity equatorward
of the oval reside in the morning sector at latitudes with sun-
ward convection, while antisunward convection comprises
the latitudes between the oval and the polar cap (the low-
latitude boundary layer). In the evening sector, however, the
auroral oval is located at latitudes with antisunward convec-
tion and the diffuse luminosity equatorward of the oval span
latitudes of sunward convection.
Apart from intervals of magnetic storms and substorms,
a considerable magnetic activity is observed during periods
of so-called steady magnetospheric convection (SMC). The
existence of protracted SMC periods, which develop under
the inﬂuence of a prolonged southward BIMF
z component, was
ﬁrst described by Sergeev (1977a) and Pytte et al. (1978).
During such periods one observes signiﬁcant disturbances of
the Dst index, strong and ﬂuctuating disturbances at auroral
latitudes, and a two-vortex current system in the polar re-
gion. However, analysis of both ground-based and spacecraft
Figure 29. Schemes of ionospheric convective motion during the
creation and recovery phase of substorms obtained from data con-
cerning the motions of discrete auroral forms (Vorobjev et al.,
1976b).
observations indicate the absence of substorm signatures dur-
ing many hours of high geomagnetic activity that testiﬁed the
steady state of the magnetotail and the ionosphere for many
(sometimes more than 10) hours. The terminology is yet am-
biguousandsucheventshavebeenreferredtoas“steadycon-
vection activity” (Sergeev, 1977a), “convection bays” (Pytte
et al., 1978), or “steady magnetospheric convection (SMC)”
(Yahnin et al., 1994).
Structure and dynamics of nighttime auroras during SMC
events were investigated for the ﬁrst time by Sergeev and
Vorobjev (1979). They examined in detail the behaviour
of auroras on 3 December 1973, when two intervals of
SMC were observed. The characteristics of the interplane-
tary medium (King, 1977) and the indices AU and AL of the
magnetic activity in the auroral region (Allen et al., 1975)
are shown in Fig. 30. After about 07:00UT, the BIMF
z com-
ponent turned southward and stayed negative till the end of
the day. The solar wind velocity remained throughout the
whole period at a speed of 280kms−1. Two intervals could
be clearly identiﬁed, 10:00–16:00UT and 18:00–22:00UT,
during each of which the magnetic disturbances in the au-
roral zone stayed at about the same level while there were
no signiﬁcant changes of the interplanetary medium param-
eters. The absence of strong IMF ﬂuctuations is shown by
the small values of variance (σ) for the IMF vector magni-
tude compared with the values of the BIMF
z component. Verti-
cal dashed lines in Fig. 30 mark the moments of overﬂight of
two DMSP satellites over the northern polar region; the tra-
jectory ofone ofthem crossed theoval inthe sector of21:00–
22:00MLT, the other shortly after midnight. The ﬁrst inter-
val of 10:00–16:00UT deserves closer attention, because it
is characterised by particularly stable IMF and solar wind
parameters.
TheverticallinesinFig.31indicatetheinitiationmoments
of Pi2 pulsation trains at midlatitudes. In these moments one
observes an intensiﬁcation of the westward electrojet at au-
roral zone stations close to midnight and disturbances of the
D and H magnetic ﬁeld components at midlatitudes (stations:
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Figure 29. Schemes of ionospheric convective motion during the creation and recovery phase of substorms obtained from data concerning
the motions of discrete auroral forms (Vorobjev et al., 1976b).
Figure 30. Solar wind plasma density and IMF parameters (two top panels) and variations of the AU and AL magnetic indices on December
03, 1973. Vertical dashed lines mark the moments of overﬂight of two DMSP satellites over the northern polar region (Sergeev and Vorobjev,
1979).
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Figure 30. Solar wind plasma density and IMF parameters (two top
panels) and variations of the AU and AL magnetic indices on 3 De-
cember 1973. Vertical dashed lines mark the moments of overﬂight
of two DMSP satellites over the northern polar region (Sergeev and
Vorobjev, 1979).
Magadan, 8 = 51.0◦; Irkutsk, 8 = 41.0◦; Lvov, 8 = 47.8◦),
which are characteristic for substorms. During the intervals
of interest here, neither Pi2 oscillations nor characteristic
magnetic substorm variations at midlatitudes were observed,
and therefore these intervals can be identiﬁed with periods of
SMC.
The satellite images are unfortunately of low quality, so
the structure of auroras during the ﬁrst SMC interval is only
schematically shown in Fig. 32. Discrete forms (heavy lines)
and the diffuse luminosity (vertical dashed lines) are dis-
played in more detail. Frame (1) corresponds to the substorm
creation phase and frame (2) is characteristic for the sub-
storm expansive phase: the diffuse aurora intensiﬁed, a small
auroral bulge formed up at the western edge from which an
auroral surge became visible. Frames (3), (5), and (7) corre-
spond to the period of SMC. The apparent auroral character-
istics there support the identiﬁcation of the selected interval
as period of SMC, because the structure of the aurora, the
position of the surge (∼21:00MLT), the location of the au-
roral boundaries, and their extent in latitude (5–6◦) persist
constantly for several hours.
Additionally, frames (3), (5), and (7) show the presence of
small-scale variations in the auroras. Changes in the struc-
ture of the auroral bulge and its western edge can be noticed
from orbit to orbit, the brightness is inhomogeneous and in-
tensiﬁed in regions where a small-scale spiral structure can
be noticed. All this proves the existence of complicated dy-
Figure 31. Magnetograms of auroral (from top to bottom: Point
Barrow, Tixie Bay, Cape Chelyuskin, Dixon Island, Heiss Island)
and midlatitude stations (Magadan, Irkutsk, Lvov) on 3 December
1973. The vertical lines indicate the initiation moments of Pi2 pul-
sation trains in midlatitudes (Sergeev and Vorobjev, 1979).
namic variations in the structure of the precipitations, with-
out touching, however, its main large-scale characteristics.
Figure 33a presents data of ground-based all-sky cameras
for the second SMC interval. It shows the position of the
auroral forms in the meridian of the observatory Dixon Is-
land (80 = 67.9◦), assuming a height of 110km for the au-
rora. The ﬁgure shows that discrete auroral forms exist at the
poleward edge of the auroral bulge during the hours around
local midnight. Sometimes their intensity can somehow di-
minish so that their existence becomes hard to detect in the
ascaﬁlms. After a certain time, however, the arcs reappear in
the same region. Often one observes discrete forms within
the auroral bulge, which move equatorward.
An intense luminosity exists during the whole period
(18:00–22:00UT) at the southern horizon of the observa-
tions, which can be identiﬁed in comparison with the space-
craft frames as a region of diffuse aurora. Between the dis-
crete auroral forms toward the north and the diffuse aurora
toward the south, a dark gap is clearly seen, which ﬁlls up
from time to time with irregular structures. Such an auroral
behaviour is characteristic for the whole second interval of
SMC.
Figure 33b presents the auroral behaviour at the merid-
ian of the observatory Loparskaya (80 = 64.8◦) during the
interval 18:00–24:00UT. These data allow one to consider
the similar situation in the region of the diffuse aurora. Up
to 19:55UT the camera worked at a simpliﬁed regime (one
picture per ﬁve minutes) as indicated by the hatched area.
The most signiﬁcant auroral intensiﬁcations, which occurred
around 22:35 and 22:10UT, were related to the passage of
eastward propagating  structures above the station. Similar
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Figure 32. Schematic auroral display from DMSP spacecraft
frames in the coordinates of corrected geomagnetic latitude–MLT.
Locations of magnetic observatories are marked by dots. The num-
ber of frame is indicated by a digit in the ring (Sergeev and Vorob-
jev, 1979).
structures appeared also at satellite photographs, so that their
presence seems to be a characteristic feature during periods
of SMC.
The detailed analysis of the two SMC intervals on 3 De-
cember 1973, and a number of other similar examples have
enabled Sergeev and Vorobjev (1979) to construct a scheme
Figure 33a. Auroral dynamics on the meridian of Dixon Island ob-
servatory on 3 December 1973. Positions of homogeneous auroral
forms (arcs or bands) are shown by solid lines; that of rayed arcs by
herringbones;diffuseauroraebydots(SergeevandVorobjev,1979).
Figure 33b. Auroral dynamics on the meridian of Loparskaya on 3
December 1973, in the same manner as Fig. 33a, but for a 2h longer
interval.
of the auroral structure during periods of SMC, which is pre-
sented in Fig. 34a. The auroral display consists of diffuse
auroras at the equatorward side of the precipitation region
and discrete forms poleward of the diffuse luminosity. The
discrete arcs are regular and intense in the evening sector.
One or more discrete arcs can be observed. On the night-
side one observes an auroral bulge, where its western edge
appears as a large-scale surge. At the poleward edge of the
auroral bulge region the arcs appear irregular both in struc-
ture and intensity, where the structures before local midnight
are systematically brighter than after midnight. Usually one
observes between the discrete and the diffuse auroral regions
on the nightside a dark gap of several degrees of geomag-
netic latitude. From time to time this gap ﬁlls up with diffuse
luminosity and/or irregular structures, which usually move
equatorward. The poleward border of the diffuse aurora is ir-
regular and  structures can often be noticed on it, which
are drifting eastward. Layered structures of diffuse auroras
are observed in the morning sector and their intensity there
is stronger than in the evening sector.
All these characteristic features, as can be easily seen,
correspond closely to auroral structures at the maximum of
the substorm expansive phase. The position of the auroral
bulge, however, appears to be stationary in case of SMC
periods. This means that the large-scale characteristics of
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Figure 34. Distribution of discrete and diffuse auroras during the SMC periods. (a) Nighttime auroral pattern after Sergeev and Vorobjev
(1979); (b) summary of the different auroral forms observed by all-sky cameras on 24 November 1981 (Yahnin et al., 1994).
precipitations during SMC periods are mainly caused by
magnetospheric structures and not by dynamic processes,
which develop during magnetospheric substorms.
Despirak et al. (1994) used the prolonged, about 10h,
SMC interval on 24 November 1981 to examine the conﬁg-
uration and the location of the cusp-like area from dayside
NOAA spacecraft observations. They found the cusp-like
precipitation at 72–75◦ invariant latitudes between 10:00 and
12:00MLT. Ground-based magnetic and radar data showed
that this region coincides with the dayside convection throat.
All-sky camera observations demonstrated that short-lived,
sporadic, discrete auroral arcs and long-lived stable discrete
arcs bound the cusp region from the pre-noon and from
the after-noon, correspondingly. The cusp region coincided
well with the gap in the global distribution of discrete au-
roras (Vorobjev and Rezhenov, 1982). It is very interest-
ing that the cusp region was situated poleward of the high-
latitude boundary of the UVI emission auroral belt observed
by the DE-1 spacecraft imager in the 123–160nm wave-
length range.
A global auroral display was examined by
Yahnin et al. (1994) during the SMC interval on 24 Novem-
ber 1981, with the duration of more than 10h under the
steady southward IMF ﬁeld without any distinct substorm
signatures. The authors used all-sky camera ﬁlms from the
observatories which are situated in Greenland, Spitzbergen,
and Alaska and recorded auroral behaviour in the dark
Northern Hemisphere. Figure 34b provides a summary of all
auroral forms observed by all available all-sky cameras. The
cameras were distributed in longitude, and different stations
scanned the same MLT sector at different universal times. In
order not to overload the ﬁgure, only the auroral structures
seen at the ﬁrst minute of every UT hour were actually
plotted. Horizontal positions of auroral forms seen on the
original all-sky ﬁlms were mapped to the 110km height level
and then plotted in CGL-MLT coordinates. Approximate
positions of the diffuse aurora are also shown schematically
by dots. The typical distributions of the auroras seen by the
different cameras are basically similar.
As shown in Fig. 34b, the nightside auroras were con-
ﬁned within two distinct ranges of latitudes: discrete arcs at
latitudes 68–75◦ CGL, and diffuse auroras between 60 and
65◦ CGL. The discrete auroras were highly variable, show-
ing short-time intensiﬁcations and decays, and the formation
of folds and loops. These active auroras were bordered in
the evening sector by a surge-like structure. In the midnight
sector, at latitudes between the domains of discrete and dif-
fuse auroras, relatively weak structures or active arcs typi-
cally drifted either equatorward from the poleward domain of
the discrete structures or in the zonal direction. The poleward
edge of the diffuse aurora was sometimes disturbed by torch-
like structures. Rather stable and bright discrete arcs were
observed in the afternoon sector, while in the morning sector
short-lived multiple discrete arcs intermittently appeared up
to the dayside, where auroral forms such as the rayed arcs
and rays were observed as well.
The main characteristics of the auroral distribution pre-
sented in Fig. 34b agree well with the description of the auro-
ral pattern given by Sergeev and Vorobjev (1979). The only
difference between them concerns the surge-like structure at
the poleward boundary of the auroral oval. While this is lo-
cated at about 21:00MLT according to Sergeev and Vorob-
jev (1979), it is found at 18:00–19:00MLT for the event in
Fig. 34b. This difference in longitude can be attributed to the
effect of the BIMF
y component.
The isotropic boundaries of the > 30keV protons and
electrons were found by Yahnin et al. (1994) close to each
other, separating regions of discrete and diffuse precipitation.
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This suggests that these precipitation types originate from
tail-like and dipole-like ﬁeld lines, respectively.
9 Nighttime diffuse luminosity equatorward of the
auroral oval
The nighttime aurora is characterised by a quite complicated
structure, which includes not only discrete forms at latitudes
of the auroral oval. Thus, Akasofu (1974b) identiﬁed three
different types of auroras based on both airborne (Whalen
et al., 1971) and satellite observations (Lui and Anger, 1973)
at auroral latitudes: the discrete, the continuous, and the dif-
fuse luminosity. The latter two types represent the diffuse
forms: continuous along the auroral oval and diffuse along
the quasi-circular belt. Continuous luminosity proves to be
the background one, in which the discrete auroral forms
are embedded. A belt of diffuse auroras encompasses Earth
along a parallel of corrected geomagnetic latitudes, coincid-
inginthemidnightsectorwiththeauroraloval.Suchaniden-
tiﬁcation appears not to be exhaustive. One has to include yet
the diffuse aurora equatorward of the auroral oval, which is
the subject of this section.
According to the International Auroral Atlas (1963), the
diffuse auroral forms can have the appearance of spots with
fuzzyboundariesorhazes.Photometricorspectrographicob-
servations on board polar orbiting spacecrafts and on ground
are usually used for the study of diffuse aurora. The 630.0nm
emission dominates in the spectral composition of diffuse au-
roras during nighttime hours. Its intensity exceeds that of the
557.7nm emission by a factor of ∼4. Based on the method-
ology of Rees and Luckey (1974), this indicates an aver-
age energy of the precipitating electrons of E ∼0.1–0.2keV,
which corresponds to an altitude of the luminescent layer
near ∼200km. The intensity of the diffuse aurora amounts
from several tens of Rayleighs to a few kilo-Rayleighs; it
decreases with decreasing latitude and increases with in-
creasing magnetic activity (Akasofu and Chapman, 1962;
Krasovsky, 1967). Intense diffuse luminosity of up to several
kilo-Rayleighs is observed even at midlatitudes during ge-
omagnetic storm periods, accompanying the storm develop-
ment (Chapman, 1957). The emission of the ING N+
2 band,
which is characteristic for nighttime, discrete auroral forms,
appears as a very faint diffuse luminosity (Alekseev et al.,
1975). This indicates lower energy values of the precipitating
electrons in diffuse auroras compared with discrete forms.
Visual observations of the diffuse auroras are rare due to its
relatively weak intensity, the hardly distinctive contrast of lu-
minosity at the ﬁrmament, and the low sensitivity of the hu-
man eye in the red spectral range of the doublet (OI) 630.0–
636.4nm (Krasovsky, 1967).
The existence of a region of diffuse subvisual luminosity
equatorward of the auroral oval in the nighttime sector was
deduced from ground-based observations (Reid and Rees,
1961; Galperin, 1963; Sandford, 1964, 1968; Eather, 1967;
Wiens and Vallance, 1969; Evlashin, 1971). Parallactic ob-
servations with scanning photometers along the geographic
meridian of ∼129◦ E (from Yakutsk, 80 = 55.8◦, to Tixie
Bay, 80 = 65.2◦) have revealed, that the diffuse background
luminosity of 630.0nm emissions span over an altitude range
of 140–300km (Alekseev et al., 1975). Detailed morpholog-
ical studies of diffuse auroras were done based on ISIS–2
satellite observations (Lui and Anger, 1973; Lui et al., 1973,
1975, 1977). These authors conﬁrmed the existence of the
diffuse luminosity, which was described before by ground-
based spectral measurements (Evlashin, 1961; Rees et al.,
1961). The ISIS–2 spectral data (Lui and Anger, 1973; Wal-
lis et al., 1976; Lui et al., 1977) indicate that the major part of
the observed intensity of diffuse luminosity is provided by a
low-energy (0.1–1.0keV) electron precipitation. Mende and
Eather (1976) have also concluded that the major fraction of
the luminosity in the diffuse auroral region is associated with
electron precipitation.
The frames of auroral luminosity obtained from DMSP
(Nagata et al., 1975; Pike and Dandekar, 1979; Nakai and
Kamide,1983)andISIS–2satellites(Luietal.,1975),aswell
as from ground-based photometric observations (Slater et al.,
1980; Alekseev et al., 1980), were used to obtain quantitative
relations between the position of the equatorward diffuse au-
roral boundary (DAB) and the magnetic activity. Slater et al.
(1980) deduced from ground-based observations of 630.0nm
emissions near midnight the dependence of DAB’s geomag-
netic latitude on the Kp index:
80
DAB = 67.46◦ − 2.04◦ Kp. (2)
At auroral and subauroral latitudes, there exists a fairly
broad belt of subvisual atmospheric luminosity, which has a
different spectral composition than the diffuse electron lumi-
nosity. Spectrometer observations revealed the existence of
hydrogen emissions of the Balmer series (Balmer emissions)
(Vegard, 1939, 1950; Meinel, 1950; Gartlein, 1950). This lu-
minescence was named proton aurora and has been broadly
investigated with the materials of the IGY (Rees et al., 1961;
Evlashin, 1961; Omholt et al., 1962; Galperin, 1959, 1963;
Eather, 1967; Sandford, 1968; Lui et al., 1973). The plane-
tary distribution of the proton aurora constitutes a belt which
is situated at latitudes of the auroral oval and equatorward of
it (Eather, 1967; Rees and Benedict, 1970; Evlashin et al.,
1972). The relationship between proton and electron emis-
sions have been investigated in detail by Oguti (1973, 1975)
and Fukunishi (1973, 1975).
Frank and Ackerson (1971), Ackerson and Frank (1972),
and, more in detail, Frank et al. (1976) by using Injun 5
satellite data showed that a region of non-structured precip-
itations with lower-energy electrons exists equatorward of
the structured precipitations in the nighttime sector, which
should cause the diffuse luminosity. The intensity of the pre-
cipitating ﬂuxes decreases monotonically from midnight to
late-morning and daytime hours, while the electron energy
increases.
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The diffuse luminosity has a fairly pronounced low-
latitude boundary in the nighttime sector (Lui and Anger,
1973; Snyder and Akasofu, 1974; Pike and Whalen, 1974),
which is closely related to the ﬂuxes of precipitating low-
energy electrons. Therefore, satellite measurements were ex-
tensively used to ﬁnd the position of the equatorward diffuse
precipitation boundary (DPB) of such particles (Galperin
et al., 1977; Kamide and Winningham, 1977; Gussenhoven
et al., 1981; Hardy et al., 1981). The DPB coincides quite
closely with the position and variation of the DAB. In the
nighttime sector, the DPB is situated near the footprint of the
plasmapause at ionospheric heights. The plasmapause repre-
sents the shell with a jump-like increase of thermal plasma
density. It is the near-Earth boundary of the magnetospheric
convection, where the plasma motion from the plasma sheet
in the magnetospheric tail brakes toward Earth (Nishida,
1966).
The diffuse auroral belt without any discrete auroral forms
adjoins to the auroral oval. Its poleward (high-latitude)
boundary constitutes the equatorward boundary of the auro-
ral oval and at the same time it is the high-latitude boundary
of the radiation belt (RB) of electrons with energies from a
few tens to hundreds of kiloelectronvolts (STB – stable trap-
ping boundary for radiation belt electrons). This STB can be
most easily and effectively determined with particle detec-
tors by tracing the disappearance of geomagnetically trapped
electrons with E ∼ 25–40keV (O‘Brien, 1963; McDiarmid
et al., 1975). Observations of trapped electron distributions
revealed that the outer edge of the radiation belt (STB) has an
asymmetric form similar to the auroral oval and is nearly col-
located with it (O‘Brien, 1963; Frank et al., 1964; Akasofu,
1968). This collocation extends to all levels of geomagnetic
activity (Feldstein and Starkov, 1970b). The region of dif-
fuse luminosity equatorward of the auroral oval is therefore
located more equatorward than the STB. Such a relation be-
tween the STB and the diffuse auroral belt was conﬁrmed by
Vorobjev et al. (1976a).
Peaks of rapid westward ion drift of up to several kilome-
tres per second are observed at ionospheric altitudes equator-
ward of the boundary of diffuse auroral emissions. Galperin
et al. (1974) were the ﬁrst who reported strong, poleward-
directed electric ﬁelds during sunward plasma convection
at dusk side subauroral latitudes and called them polari-
sation jets (PJ). Nowadays this phenomenon is known as
sub-auroral polarisation streams (SAPS) (Foster and Burke,
2002). SAPS are located in the region of the ionospheric
through. This phenomenon is therefore not accompanied by
intense electric currents in the ionosphere.
Feldstein and Galperin (1985) reviewed the morphology
and dynamics of the diffuse aurora region, its position and
intensity of luminosity, as well as its dependence on vari-
ous geomagnetic activity indices and plasma precipitations.
Galperin and Feldstein (1996) and Feldstein and Galperin
(1996) discussed the structure of the auroral luminosity, the
boundaries between its various regions, and the relations
with the plasma structures of the nighttime magnetosphere.
The diffuse aurora region equatorward of the auroral oval
is caused by electron precipitation from a region between
the central plasma sheet in the magnetospheric tail and the
plasmapause (remnant layer). The electrons undergo a drift
motion from the plasma sheet toward the Earth and on the
morning side. They are accelerated during its drift by the
large-scale dawn–dusk electric ﬁeld and precipitate into the
upper atmosphere. The similarity of the spectra at various
altitudes follows from a comparison of energy spectra of
those electrons, which are transported by convection from
the plasma sheet, with those of the diffuse luminosity at the
same geomagnetic ﬁeld lines (Lui et al., 1977; Meng, 1978).
The maxima of the energy spectra are identical in intensity
at both ends of the ﬁeld line, and the spectra themselves are
characterised by a monotonic descent from a maximum value
in accordance with the energy decrease of the particles. The
absence of an additional maximum in the spectra shows that
there is no acceleration by ﬁeld-aligned electric ﬁelds along
the corresponding magnetic ﬁeld lines.
The intensity of the diffuse aurora increases heavily during
the main phase of geomagnetic storms (Akasofu and Chap-
man, 1962). This became well recorded by all-sky cameras
and it was clearly seen through visual observations. With
increasing magnetic activity, the diffuse luminosity appears
more and more at lower latitudes. During periods of very
strong magnetic storms, visual registrations at meteorolog-
ical stations became predominant. Such observations were
used to determine the latitude of the equatorward boundary
of the auroral luminosity for various levels of the planetary
geomagnetic index Kp and for the compilation of visoplots,
where the distribution of auroral regions is marked with vari-
ous symbols. Comprehensive data about visoplots during the
IGY were published in Annals of the IGY (1964). Using vi-
soplot data, Zverev et al. (2009) determined the borderline
latitude values of the nighttime diffuse luminosity distribu-
tion. They applied this to intervals of strong magnetic storms
with Dst < −100nT. The position of the equatorial bound-
ary of the luminosity (DAB) is shown in Fig. 35. The equa-
tion for the regression line
80 = 74.7◦ − 12.05◦ log|Dst| (3)
is shown as a solid line with a regression coefﬁcient of
r = 0.7. For a change of Dst from −100 to −400nT, the
boundary will move equatorward by ∼7◦. According to the
visoplot data, the luminosity is recorded at all latitudes be-
tween the DAB and the auroral oval.
It is generally known that the boundary of the auroral
oval also moves equatorward during magnetic storm inter-
vals. The amount of the shift is determined by the magnitude
of Dst variations. The dots in Fig. 35 show the position of
the equatorward boundary of the auroral oval as arranged by
Starkov (1993) in dependence on the Dst index according
to various researchers. The dashed line shows the regression
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Figure 32. Schematic auroral display from DMSP spacecraft
frames in the co-ordinates of corrected geomagnetic latitude–MLT.
Locations of magnetic observatories are marked by dots. The num-
berofframeisindicatedbyadigitinthering(SergeevandVorobjev,
1979).
Figure 35.Thedotsshowthepositioningeomagneticlatitude(deg)
of the equatorward auroral oval boundary in dependence of the Dst
index according to Starkov (1993). The crosses represent the maxi-
mum extension of the diﬀuse auroral luminosity toward lower geo-
magnetic latitudes according to Zverev et al. (2009).
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Figure 35. The dots show the position in geomagnetic latitude (◦)
of the equatorward auroral oval boundary in dependence of the Dst
index according to Starkov (1993). The crosses represent the maxi-
mum extension of the diffuse auroral luminosity toward lower geo-
magnetic latitudes according to Zverev et al. (2009).
line of a least squares ﬁt:
80 = 77.3◦ − 9.8◦ log|Dst| (4)
with r = 0.92. The equatorward boundary of the visual dif-
fuse luminosity is shifted by ∼7◦ toward lower latitudes rel-
ative to the equatorward boundary of the auroral oval.
Large-scale undulations on the equatorward boundary of
diffuse aurora on the evening side are observed at times dur-
ing magnetic storm periods. These undulations were ﬁrst dis-
covered by Lui et al.(1982) in DMSP spacecraft photographs
and then examined in several reports (e.g. Nishitani et al.,
1994; Zhang et al., 2005; Henderson et al., 2010). Undu-
lations were observed for about 0.5–3.5h with amplitudes
ranging from several tens to several hundreds of kilometres
and wavelengths from about 200 to 900km. In their study,
Lui et al. (1982) proposed that the Kelvin–Helmholtz insta-
bility could be considered as a possible mechanism for the
observed ﬂuctuations. However, using an instability analy-
sis that was carried out by Viñas and Madden (1986), Kelley
(1986) showed that the normal shear at the plasmapause ap-
pears to be too small for an instability to occur. He suggested
instead that undulations could be driven by the much larger
velocity shear associated with polarisation jets (SAPS, Foster
and Burke, 2002). SAPS are formed due to the penetration of
hot ring current protons further equatorward than electrons
during magnetic storms or intense substorms.
Strong intensiﬁcations of 630.0nm emissions were ob-
served at mid- and low-latitudes equatorward of the diffuse
aurora zone during intervals of intense disturbances includ-
ing magnetic storms. They were called M-arcs (Roach and
Roach, 1963) or stable auroral red (SAR) arcs (Rees and
Roble, 1975; Baumgardner et al., 2007). SAR arcs are one
of the auroral luminosity types, because their appearance
is usually connected with an intensiﬁcation of the geomag-
netic activity and because their positioning is related to the
geomagnetic ﬁeld. The intensity of SAR arcs reached sev-
eral kilo-Rayleighs during the IGY period (Marovich and
Roach, 1963), but during intense geomagnetic storms it at-
tained ∼13kR (Baumgardner et al., 2007) or even a few tens
of kilo-Rayleighs (Barbier, 1960).
Marovich and Roach (1963) investigated the position of
SAR arcs with observations at the station Rapid City (8 =
53.1◦) during the IGY. These arcs were identiﬁed in 23 cases.
The authors discovered a signiﬁcantly increased probability
for the arc’s appearance at 8 ∼ 53◦. Based on such a position
of the SAR arc, Marovich and Roach (1963) evaluated the
gap between the auroral oval and the SAR arc as of ∼ 14◦
width (i.e. between 8 ∼ 67◦ and 8 ∼ 53◦). Allowing for an
equatorward shift of the auroral oval during magnetic storms
to ∼ 60◦ (see Fig. 35), the whole latitudinal interval between
the oval and the SAR arc near 8 ∼ 53◦ is then ﬁlled with
diffuse auroral luminosity (Zverev et al., 2009).
Unusually bright SAR arcs can appear during very strong
geomagnetic storms (“superstorms”) due to the heat ﬂow
from the ring current ions via heated electrons to the
ionospheric atomic oxygen plasma just equatorward of the
plasmapause location. During these rare cases, there appears
alatitudinalgap between thediffuseauroralboundary(DAB)
and the SAR arc (Baumgardner et al., 2007).
Usually the ring current was proposed as the main energy
source for SAR arcs; it allows the long-term persistence of
the arcs and it is also indicated as the source due to the high
correlation between the SAR appearance and the Dst index
level (Rees and Akasofu, 1963). As a result of the scien-
tiﬁc ﬁndings during the IGY, the formation of a SAR arc oc-
curs close to the plasmapause due to the interaction of high-
energy ring current ions with the cold plasmaspheric plasma.
The SAR arcs at 630.0nm can be driven by ﬁeld-aligned
magnetospheric energy transport from the ring current into
the ionosphere near the plasmapause location. Various mech-
anisms of energy transfer from the ring current ions to the
electrons of the upper atmosphere have been proposed: due
to Coulomb collisions (Cole, 1965), heating of the electrons
because of ion-cyclotron waves (Cornwall et al., 1971; Lund-
blad and Søraas, 1978), and owing to the presence of kinetic
Alfvén waves (Lanzerotti et al., 1978). Waves, which are
generated in the magnetosphere, heat the cold plasmaspheric
electrons. These electrons ﬂow along the magnetic ﬁeld lines
into the ionosphere and cause a luminescence in the upper
atmosphere (SAR arcs) with red emissions at ∼ 400km al-
titude. Therefore, the character of the energy source in SAR
arcs differs from the sources of auroral luminosity at higher
latitudes. Zverev et al. (2012) argue that the plasma, which
participates in the magnetospheric convection, can be an en-
ergy source for the SAR arcs. The diffuse luminosity equa-
torward of the auroral oval and the luminosity in the SAR
www.hist-geo-space-sci.net/5/81/2014/ Hist. Geo Space Sci., 5, 81–134, 2014122 Y. I. Feldstein et al.: Auroral luminosity and discrete forms
arcsarecausedbyelectronprecipitationsofoneandthesame
source.
The frequency of SAR arc occurrence and its relation to
the diffuse auroral luminosity was investigated for two so-
lar cycles from 1988 to 2006 at the station Maimaga (80 =
57.0◦) by Alekseev and Ievenko (2000) and Alekseev and
Ievenko (2008). Detailed information about the morphol-
ogy and dynamics of the midlatitude auroral luminosity was
presented by Ievenko (1993), Ievenko (1999), Alekseev and
Ievenko (2000) and Ievenko and Alexeev (2004). Out of 620
nights of observations, there were 225 records of nighttime
SAR arcs. The appearance of SAR arcs at midlatitudes seems
therefore not to be that exotic and related to the development
of geomagnetic storms, but it is a rather typical phenomenon.
The most likely magnetic latitude of their occurrence is, ac-
cording to the results of these investigations, 80 ∼55◦ with
an average intensity of ∼0.15kR.
Figure 36 shows a typical case for the observations of both
diffuse luminosity and SAR arcs from the evening to the
morning hours on 4 December 1989 (Ievenko and Alexeev,
2004). The SAR arc, the boundaries of which were deter-
mined relative to the background luminosity of the nighttime
sky, moved slowly equatorward in the course of the night
from evening to morning hours MLT (Fig. 36a). Its latitu-
dinal position was determined by assuming 450km as the
height of luminosity. The low-latitude portion of the diffuse
aurora with a green emission northward of the SAR arc (at
110kmaltitude)is signiﬁed withthe 0.5kR isoline. TheSAR
arc position and intensity (∼0.18kR) was quite stable during
the relatively quiet geomagnetic conditions until ∼17:40UT
(Fig. 36b).
The beginning of the disturbance is accompanied by an in-
creasing velocity of the arc’s motion toward the Equator and
an intensity increase up to ∼0.5kR. A gap of ∼1–2◦ in lat-
itude between the diffuse aurora boundary and the SAR arc
was recorded during the quiet period. With increasing ge-
omagnetic activity and with a shift of the latitudinal cross-
section from dusk to dawn, the gap width between the DAB
and the SAR arc increases to 3–4◦. It is possible to assume
that the gap of 1–4◦ in Fig. 36 is not connected with an ab-
sence of auroral luminosity inside the gap, but rather with the
following conditions:
1. Usage of 557.7 and 630.0nm emissions for diffuse lu-
minosity and SAR arc, respectively.
2. The isoline of 0.5kR is considered as the equatorward
boundary of the diffuse luminosity.
Less intense diffuse luminosity should also be taken into ac-
count for the determination of the DAB position.
These observations were complemented by measurements
of precipitating electrons on board of the DMSP satel-
lite F9 as provided in the paper of Zverev et al. (2012).
DMSP satellites move in a near circular sun-synchronous
orbit at ∼840km altitude. The spacecraft devices allowed
Figure 36. Modiﬁed ﬁgure from Ievenko and Alexeev (2004):
(a) variation of the diffuse aurora (DA) position with 557.7nm
emissions and the SAR arcs (the vertical lines indicate the over-
ﬂights of the DMSP satellites F9 and F8); (b) intensity variations of
the SAR arcs (full dots) and the background luminosity (open cir-
cles); (c) ASY-H and SYM-H indices together with the Kp values
written on top (MLT=UT+9h).
measurements of the electron and ion spectra ﬂuxes with
energies between 30eV and 30keV (electron energy ﬂux
> 10−3 ergcm−2 s−1) with a 1s cadence. The equatorward
boundary of the electron precipitations coincided within 1◦
magnetic latitude with the boundary of the diffuse luminos-
ity during all satellite passes.
Figure 37a–d shows DMSP F9 energy spectra of elec-
trons, characterising various auroras within the interval
13:46–13:50UT. The spectrum is quasi-monochromatic at
13:46:30UT on 80 ∼65.5◦ (Fig. 37a) with an electron ﬂux
density of ∼109 cm−2 ster−1 s−1 in the energy peak near
∼1.4keV. Such spectra and energy ﬂuxes are typical for dis-
creteauroralformsatlatitudesoftheoval.Thisdiscreteauro-
ral form marks the equatorward boundary of the oval. More
equatorward within the diffuse auroral region, the spectrum
becomes softer. At 13:46:43UT on 80 ∼64.8◦ (Fig. 37b),
the electron ﬂux with an energy of 97eV rises by more than
one order, while the ﬂux decreases for 1.4keV electrons. At
13:47:38UT on 80 ∼62.0◦ (Fig. 37c) the spectrum becomes
even softer: electron ﬂuxes with energies >1keV are cut-off
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Figure 37. Electron spectra according to DMSP F9 observa-
tions on 4 December 1989 at 13:46:30UT (a), 13:46:43UT (b),
13:47:38UT (c), and 13:48:29UT (d) (Zverev et al., 2012).
and the ﬂux with an energy of 97eV decreases by an order
of magnitude, while the electron ﬂuxes with energies of 31
and 45eV are kept at a sufﬁciently high level. Near the equa-
torward boundary of the diffuse precipitation at 13:48:29UT
on 80 ∼59.4◦ (Fig. 37d), only electrons of lowermost ener-
gies (30–40eV) remained within the electron energy spec-
trum with ﬂuxes of ∼106 cm−2 ster−1 s−1. Hence, a soften-
ing of the electron spectrum toward the Equator takes place
within the diffuse precipitation region, while the ﬂux densi-
ties are kept at a quite high level. Below we will show that
modelestimationsoftheintensityofauroralluminosityatthe
boundary of the diffuse precipitation region approve the exis-
tence of the observed SAR arcs with an intensity of ∼0.2kR
(Fig. 36b, d).
It is of interest to estimate the intensity of the 630.0nm
emission that is excited by the observed ﬂux of low-energy
electrons near the plasmapause. This is useful in order to ex-
plain, whether such an electron ﬂux can constitute the source
for SAR arcs at the border of the diffuse luminosity region.
The most effective excitation of red diffuse auroras is
due to electrons with energies of 0.01–1.0keV, while for
SAR arcs it is <0.01keV. Such electrons deposit at alti-
tudes of 200–500km, where they excite metastable emis-
sions of O(1D) and O(1S) atomic oxygen, corresponding to
red and green luminescence, respectively. At such altitudes
the deactivation of excited metastable states occurs due to
collisions. The excitation level of atomic oxygen emissions
is low (∼5eV) and the collision cross section for the ex-
citation processes close to the threshold value is large. All
this is in favour of the red line emission of atomic oxygen
in case of precipitating low-energy electrons. The intensity
of such electron ﬂuxes above SAR arcs was measured by
Slater et al. (1987) on board of the Dynamics Explorer 2
satellite. The results of coordinated measurements of both
low-energy electron ﬂuxes by satellites and the intensity of
630.0nm emissions by ground-based photometers have re-
vealed the close correlation between these two phenomena.
It has been shown that electrons with energies E <0.01keV
are the main source of energy, the precipitation of which
is essential to explain the observed amount of atmospheric
heating and the intensity of SAR arc emissions. The lat-
ter amounts to ∼2kR according to satellite measurements,
while the electron ﬂuxes with energies of 5.1 and 8.8eV were
∼108 cm−2 s−1 eV−1. The density of electron ﬂuxes with
energies of 0.03–0.04keV were two orders of magnitude
smaller with values of ∼8·105 or ∼3·107 cm−2 s−1 eV−1.
This is one order of magnitude larger than the electron ﬂux
densities of the same energy, which were recorded with the
DMSP satellite on 4 December 1989, 13:48:29UT, above the
SAR arc. Such low-energy electron ﬂuxes can therefore ex-
cite a diffuse red luminosity with an intensity of ∼0.2kR
near the plasmapause. The appearance of luminosity of this
intensity at midlatitudes would be interpreted as a SAR arc.
Its existence can be considered as evidence for the interre-
lation of plasma ﬂuxes with auroral energy, which are trans-
ferred by magnetospheric convection from the central plasma
sheet to the plasmapause, producing a SAR arc.
At the nightside magnetosphere between ∼6 and ∼3RE
(i.e. between the inner boundary of the plasma sheet in the
magnetospheric tail and the plasmapause, the outer boundary
of the plasmaspheric thermal plasma close to Earth) there are
two different populations of ionised particles: the soft plasma
particles coming from the plasma sheet with energies of
less than 1keV and the energetic electrons with  > 30keV
which are trapped in the geomagnetic ﬁeld (outer radiation
belt). The diffusive emission in the atmosphere at latitudes,
where this region maps along the geomagnetic ﬁeld lines, is
caused by the low-energy population.
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Zverev et al. (2012) concluded from model calculations
of Rassoul et al. (1993) that the auroral luminosity in the
form of SAR arcs of low intensity can be related to the pre-
cipitation of low-energy electrons from the magnetosphere
in the neighbourhood of the plasmapause. The variations of
the parameters of corpuscular particles in the inner magne-
tosphere and in the midlatitude ionosphere are similar: with
decreasing latitude one observes a softening of the spectra, a
decrease of the energy density of the precipitating ﬂux, and
an attenuation of the auroral luminosity. It seems therefore
to be obvious to relate the appearance of SAR arcs near the
equatorward border of the diffuse precipitation (DPB) with
electron ﬂuxes of low energy, having in mind the large ef-
ﬁciency of excitation processes for red emissions with elec-
trons <10eV.
Thus the existence of SAR arcs with intensities <1.0kR
for the 630.0nm emission can be related to precipitating
low-energy electrons of the plasma sheet. The arcs are lo-
cated near the equatorward boundary of the diffuse electron
precipitation region, where their energy decreases to values
<0.01keV. Such a position of weak SAR arcs is caused both
by the character of energy change of auroral particles due
to the large-scale plasma convection in the nightside magne-
tosphere and by the character of excitation and deactivation
processes of 630.0nm emissions in the upper atmosphere.
10 Conclusions
This review presents research results on spectral and mor-
phological characteristics of discrete auroral forms in a his-
torical retrospective. These investigations led soon after the
IGY period (1957–1958) to the emergence of conceptions
about the auroral oval and auroral substorms. The concept
of the auroral oval was developed by Russian scientists and
became broadly supported from leading specialists in other
countries. The concept of an auroral substorm was proposed
in the United States and later speciﬁed and supplemented by
Russian researchers. These two conceptions represent basic
paradigms of the present-day solar–terrestrial physics. They
are nowadays broadly applied to describe the entirety of geo-
physical phenomena at high latitudes.
An immense amount of observational material was ac-
cumulated by the international scientiﬁc community during
the IGY/IGC and IQSY, which comprised ground-based op-
tical and magnetometer observations. These data and fur-
ther ground-based observations later on, which were sup-
plemented by spacecraft observations in various regions of
Earth’s environment, allowed reﬁning and extending the con-
ceptions of the auroral oval and the auroral substorm consid-
erably.
Aurorae were divided into dayside and nightside parts.
Having different spectral and morphological characteristics,
the dayside and nightside aurorae constitute a single annular
zone around the geomagnetic pole (auroral oval). The day-
time luminosity, in particular the region near midday, which
maps along thegeomagnetic ﬁeld lines to thedayside magne-
topause, is closely linked with interaction processes between
the magnetosphere and the magnetic ﬁeld and plasma of the
solar wind. However, the nighttime aurorae map into the
magnetospheric tail, which determines their particular char-
acteristics and relates them closely to the processes of auroral
substorm developments. The magnetospheric substorm, one
aspect of which are auroral substorms, represents an intri-
cate physical process. It is determined by the energy transfer
from the solar wind into the magnetosphere as well as by
processes, which take place within the magnetosphere itself,
in its plasma sheet and in the ring current. In this way the
auroral substorm is connecting in itself the structural unity
and disparity of the dayside and nightside parts of the auro-
ral oval.
The complexity and intricacy of the inner magnetospheric
processes matches with the auroral substorm development.
The existence of microprocesses emerges within substorms,
which are accompanied by sudden broadenings of bright
nighttime auroras in latitudinal and longitudinal directions.
Long-lasting periods with strong magnetic activity can oc-
cur, but they do not show any indications of substorm de-
velopments. Such events were termed steady magnetospheric
convection (SMC) intervals, which are observed during pro-
longed periods of southward directed IMF. A scheme of the
global distribution of discrete and diffuse auroras during the
SMC period was drawn.
Polar cap auroras (PCAs) were identiﬁed and analysed in
detail as a particular type of auroras poleward of the auro-
ral oval. Discrete forms of PCA are extended in the sunward
direction and are recorded mainly during periods of north-
ward IMF. Some scientists argue that PCAs are situated at
closed geomagnetic ﬁeld lines. Such a hypothesis presumes
a complicated spatial distribution and structure of the mag-
netospheric plasma sheet during magnetic silence.
The auroral structure and its dynamics during disturbance
periods appears to be closely connected with the magneto-
spheric plasma structure. This opens new ways for the diag-
nostics of the near-Earth environment by means of ground-
based and satellite observations of the auroras and provides
likewise a strong stimulus for the further development of ba-
sic research in the ionosphere and magnetosphere.
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Appendix A
Table A1. Coordinates of stations for the observation of auroral luminosity; the last column indicates Corrected Geomagnetic Latitudes.
No. Station Geomagnetic Geographical Corr. Geom.
Latitude Longitude Latitude Longitude Latitude
1 Thule 88.0◦ N 1.2◦ E 76.6◦ N 68.9°W 86.1◦ N
2 Alert 85.9◦ N 165.7◦ E 82.5◦ N 62.3°W 86.7◦ N
3 Nord 80.8◦ N 133.3◦ E 81.6◦ N 16.6°W 80.7◦ N
4 Godhavn 79.9◦ N 32.5◦ E 69.3◦ N 53.5°W 77.6◦ N
5 Arctic Ice Flow 78.3◦ N 156.0◦ W 84.5◦ N 148.0◦ W 79.4◦ N
6 Arctica 2 77.5◦ N 161.0◦ W 86.0◦ N 186.0◦ W 78.5◦ N
7 Barentsburg 74.4◦ N 129.9◦ E 78.1◦ N 14.2◦ E 75.2◦ N
8 Godthåb 74.8◦ N 29.6◦ E 64.2◦ N 308.3◦ E 73.3◦ N
9 Cap Thordsen 74.5◦ N 131.7◦ E 78.5◦ N 15.7◦ E 74.3◦ N
10 Pyramida 74.5◦ N 130.8◦ E 78.2◦ N 15.2◦ E 74.8◦ N
11 Tikhaya Bay 71.5◦ N 153.3◦ E 80.3◦ N 52.8◦ E 74.4◦ N
12 Heiss Island 71.5◦ N 155.3◦ E 80.7◦ N 56.2◦ E 74.6◦ N
13 Wiese Island 69.3◦ N 163.8◦ E 79.9◦ N 77.0◦ E 73.4◦ N
14 Point Barrow 68.5◦ N 118.8◦ W 71.6◦ N 156.4◦ W 69.9◦ N
15 Fort Yukon 66.7◦ N 102.9◦ W 66.6◦ N 145.3◦ W 67.0◦ N
16 Cape Chelyskin 66.3◦ N 176.5◦ E 77.8◦ N 104.3◦ E 71.2◦ N
17 Kiruna 65.4◦ N 115.8◦ E 67.9◦ N 20.5◦ E 64.5◦ N
18 Wrangel Island 64.7◦ N 133.8◦ W 71.0◦ N 178.6◦ W 66.6◦ N
19 College 64.7◦ N 103.4◦ W 64.9◦ N 147.9◦ W 64.9◦ N
20 Murmansk 64.1◦ N 126.5◦ E 69.0◦ N 33.1◦ E 64.9◦ N
21 Loparskaya 63.8◦ N 126.6◦ E 68.6◦ N 33.3◦ E 64.8◦ N
22 Dixon Island 63.0◦ N 161.5◦ E 73.5◦ N 80.4◦ E 67.9◦ N
23 Tixie Bay 60.4◦ N 168.7◦ W 71.6◦ N 128.9◦ E 65.2◦ N
24 Kazachye 60.0◦ N 163.7◦ W 70.8◦ N 136.3◦ E 64.4◦ N
25 Maimaga 56.5◦ N 200.0◦ E 67.0◦ N 129.0◦ E 57.0◦ N
26 Rapid City 53.1◦ N 42.6◦ W 44.0◦ N 103.1◦ W 53.9◦ N
27 Yakutsk 51.0◦ N 166.2◦ W 62.1◦ N 129.7◦ E 55.8◦ N
28 Dumont d’Urville 75.0◦ S 130.0◦ W 66.7◦ S 140.1◦ E 80.4◦ S
29 Wilkes 77.7◦ S 179.6◦ E 66.3◦ S 111.5◦ E 80.7◦ S
30 Scott Base 79.0◦ S 65.6◦ W 77.9◦ S 166.8◦ E 80.1◦ S
31 Vostok 90.0◦ S 171.8◦ E 78.5◦ S 106.9◦ E 83.5◦ S
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